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FRONTISPIECE - Common winkles feed ing  on th e  s e a -1 e t tu c e ,  Utva laotuoa.
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SUMMARY
The v e r t i c a l  zonation  and m ic r o d i s t r ib u t io n  o f  th e  dominant gastropod  
h e rb iv o re s  was examined a t  a s h e l t e r e d  s i t e  in  th e  F i r t h  o f  Clyde. The 
f l a t  w inkles L-itix)rvna o b tu sa ta  and L ltto r in a  m arlae, c o n s t i t u t e  p o t e n t i a l  
com petito rs  on th e  low -shore . On th e  m id-shore , th e  l im p e t F a te tta  vu tg a ta  » 
may compete w ith  th e  common w inkle , L ttto v in a  t t t t o r e a i  bu t F a te tta  i s  n o t  
abundant under a dense fu co id  canopy - c o n d i t io n s  which favour the  common 
w in k le .
The re sp o n se  o f  L. t ' i t to v e a  to  v a r io u s  s t im u l i  was a sse ssed  in  a s e r i e s  
o f  c o n t ro l le d  l a b o ra to ry  experim ents. Changes in  l i g h t  i n t e n s i t y  and the  
w e t t in g /d ry in g  e f f e c t s  o f  im m ersion/em ersion, prompted changes in  th e  le v e l  
o f  l i t t o r i n i d  a c t i v i t y .  Such behav iour i s  p a r a l l e l e d  in  th e  f i e l d ,  where 
immersion/emersion by th e  t i d e  g e n e r a l ly  i l l i c i t s  a r a p id  re sp o n se .
A h ig h  degree  of n iche  s e p a ra t io n  i s  ev iden t between common and f l a t  
w ink les. This i s  r e f l e c t e d  in  food p re fe re n c e s  and a d a p ta t io n s  to  the  
feed ing  ap p a ra tu s .  The two s ib l in g  sp ec ie s  o f  f l a t  w inkle a r e  in h a b i ta n t s  
o f  the  a l g a l  canopy and p r e f e r  to  feed  on th e  p e re n n ia l  t h a l l i .  S ub tle  
a d a p ta t io n s  to  the  r a d u la r  t e e t h  pe rm it the  f l a t  w inkles  to  excavate the  
fu co id  lamina e f f i c i e n t l y .  In  c o n t r a s t ,  th e  common w inkle  p o sse sse s  
d e n t i c l e s  i d e a l l y  s u i te d  to  fee d in g  on th e  a d u l t  f o l i o s e  t h a l l u s  and 
consequen tly , th e  ephemeral a lg ae  may c o n s t i t u t e  an im portan t seasonal food 
source on some sh o re s .  Both th e  f l a t  w inkle and th e  common winkle graze  
a lg a l  germlings e f f i c i e n t l y  and L i t to r in a  t ' i t to v e a  d is p la y s  a h igh  degree o f  
s e l e c t i v i t y  i n  l a b o ra to ry  cho ice  experim ents.
On th e  sh o re ,  th e  m ic r o d i s t r ib u t io n  o f th e  l i t t o r i n i d s  in  r e l a t i o n  to  
the  a v a i l a b i l i t y  o f  p o t e n t i a l  food so u rc es ,  i s  c lo s e ly  r e l a t e d  to  l a b o ra to ry -  
determ ined p r e f e r e n c e s . The f l a t  w inkles a re  confined  l a r g e ly  to  th e  a lg a l  
canopy, w h ile  the  common w inkle fo rages  p redom inantly  on th e  rock su rface  and 
amongst th e  ephemeral u n d e rs to re y  s p e c ie s ,  on ly  o c c a s io n a l ly  v e n tu r in g  in to
I l l
th e  canopy. Where m acroalgal foods and b en th ic  d ia tom s/m ic roa lgae  a re  
s ca rce ,  th e  o p p o r tu n is t  common w inkle  can adapt and u t i l i s e  u n a tta ch ed ,
’d r i f t "  m a te r ia l  d e p o s i te d  by th e  t i d e .
The a n t i - h e r b iv o r e  defences  o f  th e  m acrophytic  a lg ae  a r e  based on the  
c o n t r a s t in g  s t r a t e g i e s  o f  escape i n  tim e and space ( r - s e l e c t e d  sp ec ie s )  and 
th e  u t i l i s a t i o n  of m e ta b o l ic a l ly  expensive s t r u c t u r a l  and chemical defences  
(K -se lec ted  s p e c ie s ) ,  Ihe l a t t e r  co n fe r  v a ry in g  degrees o f  immunity to 
ex cess iv e  g raz in g  damage. T ha llu s  form and toughness both  r e p re s e n t  
p o t e n t i a l  s t r u c t u r a l  g raz in g  i n h i b i t o r s  and consequen tly  in f lu e n c e  g ra z e r  
p re fe re n c e s  m arkedly . The n a tu r e  o f  the  a lg a l  c e l l  w all may a f f e c t  the  
d i g e s t i b i l i t y  o f  th e  p l a n t ,  as  th e  c e l l  w a ll  must be b reached to  allow the  
a n im a l’ s d ig e s t iv e  enzymes access  to  th e  c e l l  c o n te n t s .  Both L'Cttovtna 
t ' i t to v e a  and L ittov-in a  oh tu sa ta  d ig e s t  a r e l a t i v e l y  h igh  p ro p o r t io n  o f  
in g es ted  c e l l u l o s e  when feed ing  on p r e f e r r e d  foods .
Laboratory  experim ents  w ith  aqueous a lg a l  e x t r a c t s  dem onstra te  the  
im portan t r o l e  of ’’t a s t e ’’ in  food s e l e c t io n .  The p resence  o f  noxious or 
a t t r a c t i v e  a l le lo ch e m ic s  is  probab ly  th e  prime m o tiv a t io n  behind s e l e c t iv e  
g raz ing  a t  th e  germ ling phase of th e  a lg a l  l i f e  c y c le .  The p h en o lic  c o n ten t  
o f  th e  fu co id  e x t r a c t s  nas been examined c lo s e ly  and d is c u s se d  in  the  l i g h t  
of c u r r e n t  th e o r ie s  concerning th e  d i g e s t i b i l i t y - r e d u c i n g  a c t i v i t i e s  o f  th e  
i n t r a c e l l u l a r  p h e n o l ic s .
Polyphenols and o th e r  p la n t  secondary chem icals a r e  o f te n  exuded in to  
th e  surrounding  seaw ate r .  "L ong-d is tance"  d e te c t io n  o f  exudates  may in f lu e n c e  
both  th e  m ic r o d i s t r ib u t io n  and th e  v e r t i c a l  zonation  of l i t t o r i n i d s  on the  
shore . The chemosensory c a p a b i l i t i e s  o f  the  l i t t o r i n i d s  were t e s t e d  in  a 
s e r i e s  of c o n t r o l le d  la b o ra to ry  experim ents . Both L ïtto v ïn a  t 'it to v e a  and 
Ijittov'ina  o h tu sa ta  responded to  th e  p resence  o f  Asoophyttum  exudate . While 
L. t ' i t to v e a  was r e p e l l e d ,  L. oh tu sa ta  was s t ro n g ly  a t t r a c t e d  to  the  source o f  
exudation .
CHAPTER 1 : GENERAL INTRODUCTION
^^ Wheve should an animal fe e d  to g e t  the  m ost food^ 
and what item s o f  food should i t  pursue?"
MaaArthur (1972)
H erbivory i s  p o t e n t i a l l y  a major de term inan t o f  m arine b e n th ic  community 
s t r u c tu r e .  I n v e r te b ra te  g raz in g  may e x e r t  a profound in f lu e n c e  on th e  
appearance o f  th e  shore  and shallow  s u b l i t t o r a l ,  d ra m a t ic a l ly  a f f e c t i n g  p la n t  
d i s t r i b u t i o n ,  abundance and d i v e r s i t y .  Indeed, as Paine and Vadas (1969a) 
p o in t  o u t ,  experim ental s tu d ie s  in d ic a te  th a t  many marine h e rb iv o re s ,  u n l ik e  
t h e i r  t e r r e s t r i a l  c o u n te r p a r t s ,  c o n s i s t e n t ly  overg raze  and a t  times almost 
e n t i r e ly  e l im in a te  t h e i r  food sou rce . Such behav iour i s  p a r t i c u l a r l y  w ell 
documented f o r  v a r io u s  sp ec ie s  of echinoderm. Breen and Mann (1976) 
recorded  the  d e s t r u c t i o n  of 70 per c en t  o f  Nova S c o t ia  ke lp  beds by 
S tron g y lo o en tro tu s  d ro eb a o h ien sis , w h ile  numerous o th e r  workers have observed 
s im i la r  l a rg e  s c a l e  d e s t r u c t io n  of b o th  kelp and sea g ra sse s  (e .g .  N orth , 1965; 
Leighton e t  a t , , 1966; Camp e t  a t . ,  1973; Ogden e t  a l . ,  1973). In th e
t r o p i c s ,  comparable d e v a s ta t io n  may be wrought by t e l e o s t  f i s h e s  (e .g .  Bakus,
1969; E a r le ,  1972; Vine, 1974; Wonders, 1977).
In North A t l a n t i c  w a te r s ,  sea  u rch in s  do no t norm ally  p e n e t r a t e  the
i n t e r t i d a l  and th e  gastropod  m olluscs assume the  r o l e  o f  p r in c ip a l  l i t t o r a l  
g ra z e r s .  While moll u s can h e rb iv o re s  a re  r e l a t i v e l y  s lu g g ish  animals and 
seldom e x e r t  immediate o r  d ram atic  e f f e c t s  on th e  a lg a l  f l o r a ,  many sp ec ie s  
a re  n o n e th e le ss  known to  c o n tro l  o r  in f lu en c e  a lg a l  abundance and d iv e r s i t y  
on a long-term  b a s i s .  The abundance and l im i te d  m o b i l i ty  o f  th e  common 
l im p e t.  P a te lla  v u lg a ta ,  make t h i s  spec ies  w ell s u i t e d  to in  s i tu  experiments 
on th e  shore  and consequen tly  th e  fo rag in g  a c t i v i t i e s  o f  P a te l la  have been 
observed by a number o f  workers (e .g .  Jones, 1946,1948; Lodge, 1948;
A itken , 1962; Southward, 1962). In N orth -tem pera te  r e g io n s ,  where the  
r a i d - l i t t o r a l  i s  c h a r a c te r i s e d  by dense b e l t s  of fuco id  a lg a e .  P a te lla
p a r t i c i p a t e s  in  a c y c l i c  r e l a t i o n s h i p  w ith  th e  canopy-forming brown seaweeds 
(Southward, 1962), temporary s t a b i l i s a t i o n  o f  which determines the  dominant 
b io ta  and hence the  appearance of th e  sh o re .
Although work on o th e r  he rb iv o ro u s  gastropods  is  le s s  common, Lubchenco 
(1978) has s u c c e s s f u l ly  dem onstra ted  th e  c o n t r o l l in g  in f lu e n c e  o f  the  
mesogastropod L i t to r in a  t i t t o r e a ,  on th e  abundance and type  o f  a lg ae  
in h a b i t in g  h ig h  i n t e r t i d a l  poo ls  on New England sh o re s .  As th e  p r e f e r r e d  
food i s  c o m p e t i t iv e ly  dominant i n  t i d e  p o o ls ,  the  maximum sp e c ie s  d i v e r s i t y  
occurs a t  in te rm e d ia te  l i t t o r i n i d  d e n s i t i e s .  Moderate g raz in g  p e rm its  
i n f e r i o r  a l g a l  com petito rs  to  p e r s i s t ,  w h ile  in t e n s iv e  g ra z in g  e l im in a te s  
most in d iv id u a l s  and s p e c ie s .  On open rock  where the  p r e f e r r e d  food i s  
c o m p e t i t iv e ly  i n f e r i o r ,  in c re a s in g  h e rb iv o ry  c o r r e l a t e s  w ith  a d e c l in e  in  
a lg a l  d i v e r s i t y .  F u r th e r  work by Sze (1980) has s in c e  confirmed Lubchenco's 
o b se rv a t io n s  f o r  t i d e  poo ls  s h e l t e r e d  from in te n s e  wave a c t i o n .  On th e  
same sh o re s ,  B ertness  e t  d l .  (1983) have e lu c id a te d  the  r e l a t i o n s h i p  between 
th e  common w inkle  and th e  e n c ru s t in g  a lg a ,  R a lfs ia  verru co sa . The wider 
im p l ic a t io n s  o f  l i t t o r i n i d  g ra z in g  were i l l u s t r a t e d  e lo q u en t ly  by th e  
i n d i r e c t  r e l a t i o n s h i p  between l i t t o r i n i d  fo rag in g  and b a rn a c le  s e t t le m e n t  
which has a p p a re n t ly  a r i s e n  as a consequence of th e  m ed ia ting  in f lu e n c e  o f  
L itto r in a  on R a tfs ia  growth.
D esp ite  th e  w idespread  occu rrence  and h igh  p o p u la t io n  d e n s i t i e s  which 
l i t t o r i n i d  m olluscs ach iev e  on B r i t i s h  s h o re s ,  th e  feed in g  ecology o f  th e se  
sp ec ie s  has r e c e iv e d  s c a n t  a t t e n t i o n .  In  many ways t h i s  i s  symptomatic of 
th e  r e l a t i v e  s p a r s i t y  o f  in fo rm a t io n  reg a rd in g  marine p la n t /h e r b iv o r e  i n t e r ­
a c t io n s  - p a r t i c u l a r l y  in  t h i s  co u n try .  Herbivory has been s tu d ie d  widely 
i n  t e r r e s t r i a l  ecosystem s, where v a rio u s  v e r t e b r a t e  g ra z e rs  as  w ell as 
numerous he rb ivorous  i n s e c t s ,  have been shown to  e x e r t  d ram atic  e f f e c t s  on 
th e  biom ass, sp ec ie s  com position and d i v e r s i t y  o f  p l a n t  communities (e .g .  
Harper, 1969; Janzen , 1973; Root, 1973). In th e  marine co n tex t  however, 
" . . . . a l m o s t  any id e a  i s  f a i r  game f o r  thought"  (C are fo o t,  1977). Indeed 
Hughes (1980), commenting on the  r a p id  expansion o f  m a r in e -o r ie n te d  Optimal
fo rag in g  th e o ry ,  s t r e s s e d  the  s h o r ta g e  o f  r e l e v a n t  d a ta  a g a in s t  which to 
t e s t  new t h e o r i e s .
Undoubtedly, th e  key to  a b e t t e r  u n d e rs tand ing  o f  th e  e f f e c t s  o f  h e rb iv o ry  
l i e s  in  a g r e a te r  knowledge of h e rb iv o re  food p re fe re n c e s  (Lubchenco, 1978). 
F u r th e r  d a ta  concerning  th e  r e l a t i o n s h ip  between food p re fe re n c e s  and a lg a l  
co m p etit iv e  a b i l i t i e s  may be p a r t i c u l a r l y  v a lu ab le  in  e lu c id a t in g  the  under­
ly in g  reaso n s  behind th e  d iv e rg e n t  in f lu e n c e  o f  he rb iv o ry  on lo c a l  sp ec ie s  
d i v e r s i t y  p a t t e r n s .  In d i f f e r e n t  c ircum stances  h e rb iv o re s  appear e i t h e r  to  
in c re a s e  p l a n t  d i v e r s i t y ,  d ec rease  p l a n t  d i v e r s i t y ,  o r  bo th  (e .g .  Vadas, 1968; 
Harper, 1969; Paine and Vadas, 1969a; Dayton, 1975; Lubchenco, 1978).
P la n t  p a l a t a b i l i t y  i s  perhaps  most u s e f u l ly  regarded  n o t  as a p la n t  
c h a r a c t e r i s t i c ,  bu t r a th e r  as a fu n c t io n  o f  p la n t  and animal a t t r i b u t e s  under 
a p a r t i c u l a r  s e t  o f  environm enta l c o n d i t io n s  (T r ib e ,  1950). S t r u c tu re ,  
physiology and behav iour combine to  de term ine th e  g raz ing  c a p a b i l i t i e s  o f  th e  
h e rb iv o re  and, indeed , p robab ly  evolve in  p a r t i a l  re sp o n se  to  p la n t  defence 
c h a r a c t e r i s t i c s .
While s p e c i f i c  f a c to r s  inv o lv ed  in  th e  d e te rm in a t io n  o f  food p re fe re n c e s  
have been i d e n t i f i e d  and documented, l i t t l e  i s  known of th e  manner in  which 
th e se  f a c to r s  i n t e r a c t  to  de term ine p re fe re n c e  ran k in g s .  Where s t r i c t  
s e l e c t io n  o p e ra te s ,  co m p eti t io n  f o r  p r e f e r r e d  foods may in f lu e n c e  both  the  
v e r t i c a l  d i s t r i b u t i o n  of th e  h e rb iv o re s  (Underwood, 1979) and th e  corresponding  
a lg a l  zonation  p a t t e r n s  ( e .g .  Burrows and Lodge, 1950; Schonbeck and Norton, 
1980).
C le a r ly ,  g raz in g  s e l e c t i v i t y  u n d e r l ie s  most o f  the  in f lu e n c e  which 
h e rb iv o re s  e x e r t  on p o p u la t io n  and community phenomena. This s tudy aims 
p r i n c i p a l l y  a t  e s t a b l i s h in g  th e  food p re fe re n c e s  o f  th e  abundant and 
u b iq u i to u s  l i t t o r i n i d  g ra z e rs  and shedding l i g h t  on th e  e c o lo g ic a l  and 
ev o lu tio n a ry  r e l a t i o n s h i p s  which e x i s t  between th e s e  sp ec ie s  and t h e i r  foods.
CHAPTER 2 : AN INTRODUCTION TO THE HERBIVORES
The gastropods  undoubtedly c o n s t i t u t e  the  most numerous, d i v e r s i f i e d  and 
u b iq u i to u s  m olluscan groupv accounting  fo r  approx im ate ly  80% o f  a l l  l i v in g  
m olluscs - c lo s e  to  40,000 sp ec ie s  (Yonge and Thompson, 1976). Nowhere i s  
t h e i r  d i v e r s i t y  o f  form and h a b i t a t  more apparent than  in  th e  m arine environment. 
Indeed i t  may w ell be th e  gastropod  m olluscs  which prompted th e  Devonshire 
s q u i r e  and n a t u r a l i s t  Col. George Montagu (1753-1815) to  r e f e r  to  every  marine 
c r e a tu r e  "as i f  one l ik e  i t ,  y e t  d i f f e r e n t  from i t ,  would be washed up by th e  
waves n ex t t id e "  (Yonge and Thompson, 1976).
In many p a r t s  of th e  w orld , th e  sheer d i v e r s i t y  o f  l i t t o r a l  h e rb iv o re s  
com plicates  th e  s tudy  o f  a lg a - g r a z e r  in t e r a c t io n s  immeasurably. In tem perate 
w a te rs ,  however, d i v e r s i t y  i s  r e l a t i v e l y  low and as a r e s u l t  i t  becomes much 
e a s ie r  to  s e p a ra te  th e  e f f e c t s  o f  c o - e x is t i n g  s p e c ie s .
Around th e  c o a s ts  o f  B r i t a in  th e  most im portan t l i t t o r a l  h e rb iv o re s  f a l l  
i n to  th re e  c a te g o r ie s  - th e  l im p e ts ,  th e  t o p - s h e l l s  and th e  w ink les .  I t  i s  
w ith  th e  w inkles and to  a l e s s e r  e x te n t  th e  l im p e ts ,  t h a t  t h i s  s tudy  i s  
concerned.
The r o l e  o f  th e  common w inkle, L itto r in a  t i t t o r e a , in  th e  d e te rm in a tio n  o f  
i n t e r t i d a l  community s t r u c t u r e  has been c lo s e ly  s tu d ie d  on th e  e a s te r n  c o a s t  
o f  America (see  Menge, 1975; Lubchenco, 1980; Sze, 1980; Lubchenco and 
Gaines, 1981). However, l i t t l e  a t t e n t i o n  has been p a id  to  the  e co lo g ica l  
im p lic a t io n s  of l i t t o r i n i d  g raz ing  on B r i t i s h  sh o re s ,  d e s p i t e  th e  e x c e p t io n a l ly  
dense w inkle  p o p u la t io n s  which occu r lo c a l ly  i n  many a r e a s .  Perhaps because 
th e  e f f e c t s  o f  lim pet g raz in g  a re  o f t e n  v i s u a l l y  s t r i k i n g ,  f i e l d  s tu d ie s  have 
focussed  la r g e ly  on t h i s  group (e .g .  Jones , 1946, 1948; Burrows and Lodge,
1950; Southward, 1962; Hawkins, 1981).
This ch ap te r  in tro d u c e s  the  gastropods  prominent in  t h i s  study  and 
endeavours to  h ig h l ig h t  th e  b io lo g ic a l  and e c o lo g ic a l  f a c e t s  which may in f lu en c e  
t h e i r  fo rag ing  behav iour and feed ing  p re fe re n c e s .
2 .1 .  General b io lo g y , ecology and taxonomy
The e v o lu t io n  o f  th e  gastropods  t e l l s  a com plica ted  s to ry  o f  major 
s t r u c t u r a l  changes. Undoubtedly th e  most s i g n i f i c a n t  s in g le  even t - one which 
prompted th e  tremendous a d ap t iv e  r a d i a t i o n  apparen t in  th e  c l a s s  today - concerns 
to r s io n  of th e  e n t i r e  v i s c e r a l  mass to g e th e r  w ith  th e  cover ing  m antle  and s h e l l .  
This caused a m ig ra t io n  o f  th e  m antle  c a v i ty  and g i l l s  from a p o s t e r i o r  p o s i t io n  
to  an a n t e r i o r  p o s i t i o n  opening above th e  head and enabled th e  g i l l s  to  in h a le  
c lean  w ater f r e e  from sedim ent r a i s e d  by th e  f o o t .  Consequently , i t  became 
p o s s ib le  to  develop and employ chem oreceptive means to  t e s t  th e  environment 
ahead.
More r e c e n t l y ,  in  e v o lu t io n a ry  te rm s , c o i l in g  o f  th e  s h e l l  became 
asymmetrical and indeed d isappeared  a l to g e th e r  in  some c a s e s .  At th e  same 
time th e  r i g h t  g i l l  was l o s t  and th e  anus moved forward to  open n e a r  th e  margin
on th e  extreme r i g h t  o f  th e  mantle  c a v i ty .
A gainst t h i s  background o f  extreme change, th re e  major s u b -c la s s e s  have 
developed; th e  puImonates ( t e r r e s t r i a l  sp ec ie s  in  which th e  m antle  c a v i ty  
becomes a p r im i t iv e  lu n g );  th e  o p is th o b ranchs ( l a r g e ly  s e a - s lu g s  c h a r a c te r i s e d  by 
th e  lo s s  o r  re d u c t io n  o f  th e  s h e l l  and mantle c a v i ty ) ;  and the  p rosobranchs.
I t  is  th e  l a s t  s u b -c la s s ,  d i s t in g u is h e d  by an obv ious ly  asym m etrical body p lan
and by th e  a n t e r i o r l y  p laced  mantle c a v i ty  and g i l l s ,  which c o n ta in s  the
m a jo r i ty  o f  marine s n a i l s .
In  the  most p r im i t iv e  modern-day p rosobranchs , members of th e  archaeo- 
gastropod  group, th e  e la b o r a te ,  e longated  g i l l  i s  s i t u a t e d  in  a p o s i t i o n  which 
s u b je c t s  the  m antle  c a v i ty  to  th e  dangerous p o s s i b i l i t y  o f  c logg ing  when the  
sediment load i s  h ig h .  Consequently, th e se  sp ec ie s  a re  found on ly  on hard  
su r fa ce s  and i t  i s ,  i n  g e n e ra l ,  l e f t  to the  more advanced m esogastropods to  
develop a s im p l i f ie d  g i l l  and m antle  c i r c u l a t i o n  which p e rm its  the  e x p lo i t a t i o n  
o f  sand and mud s u b s t r a t a .
2 .1 .1 .  The archaeogastropod  l im p e ts
No s u b -d iv is io n  o f  th e  archaeogastropod  group has met w ith  g r e a t e r  success  
than  the  P a te l la c e a .  In a l l  members o f  th e  su p e r -fam ily ,  th e  body whorl 
becomes d i s p ro p o r t io n a te ly  l a rg e  du ring  e a r ly  development, accommodating th e  
e n t i r e  v i s c e r a  i n  th e  a d u l t  form. The broad , round or oval f o o t ,  to g e th e r  
w ith  the  co n p le te  absence o f  an operculum, completes th e  e x te r n a l  appearance 
t y p ic a l  of th e  " l im p e t" .
Within th e  group th e r e  i s  c o n s id e ra b le  v a r i a t i o n  in  th e  s t r u c tu r e  and
fu n c t io n in g  o f  th e  r e s p i r a t o r y  a p p a ra tu s .  Beneath th e  s h e l l  an overgrowth
o f  th e  m antle  edge enc loses  a channel termed the  p a l l i a i  groove, which e n c i r c l e s  
th e  fo o t ,  opening a n t e r i o r l y  in to  the  p a l l i a i  (or nuchal) c a v i ty .  The 
d i r e c t i o n  o f  th e  w a ter  c u r r e n t  flowing through th e  p a l l i a i  c a v i ty  and groove 
d i f f e r s  from genus to genus.
In t h i s  s tudy  we a re  concerned w ith  fo u r  sp ec ie s  p e r ta in in g  to  the  two
major f a m i l ie s  o f  th e  P a te l l a c e a ,  th e  Acmaeidae and th e  P a t e l l i d a e .  The 
acmaeids a r e  c h a r a c te r i s e d  by a s o l i t a r y ,  e longated  c ten id ium  s i t u a t e d  in  the  
p a l l i a i  c a v i ty ,  bu t f r e q u e n t ly  p ro tru d in g  beneath  th e  edge o f  th e  s h e l l .  In 
th e  p a t e l l i d s ,  t h i s  somewhat p r im i t iv e  s t r u c t u r e  i s  r e p la c e d  by a s e r i e s  o f  
secondary g i l l s  c lo se  t o  th e  o u te r  edge o f  th e  p a l l i a i  g roove, between th e  fo o t  
and th e  m antle  m argin . P e r io d ic  sharp  c o n t ra c t io n s  o f  th e  powerful s h e l l  
muscle expel accumulated p a r t i c u l a t e  m a t te r  from th e  r i g h t  p a l l i a i  groove.
I t  i s  w idely h e ld  t h a t  th e  e f f i c i e n c y  o f  t h i s  w a s te -d isp o sa l  mechanism i s  
d e c is iv e  in  enab ling  many p a t e l l i d s  to  l i v e  where th e  sedim ent load i s  
r e l a t i v e l y  h igh  - c o n d i t io n s  which do no t g e n e ra l ly  favour th e  l im p e t ' s  mode 
o f  e x is te n c e .
Limpet re p ro d u c t io n  i s  p la n k to t ro p h ic .  For v a r io u s  m orphological reasons
th e  archaeogas tropods  cannot e a s i l y  produce complex eg g -cap su les  o r  undertake  
in te r n a l  f e r t i l i s a t i o n  (Yonge, 1947). Eggs a re  shed s in g ly  and possess  no 
p r o t e c t iv e  covering  a p a r t  from a t h i n  membrane and an albumen la y e r  which is  
r a p id ly  l o s t  (Morton, 1958). The l a r v a l  phase develops i n  th e  su r fa ce -w a te rs
befo re  s e t t le m e n t  occurs on a s u i t a b l e  su b s tra tu m .
a) Aomaea
Aomaea te s s u la ta  (M üller) i s  c h a r a c te r i s e d  by a f l a t t e n e d  s h e l l  of r a t h e r  
d e l i c a t e  appearance which can re a c h  a le n g th  o f  around 2.5 cm. I t  i s  r e a d i ly  
d i s t in g u is h e d  from th e  sm alle r  Aomaea v irg in e a  by th e  i r r e g u l a r ,  redd ish-brow n 
markings which u s u a l l y  d eco ra te  th e  s h e l l ,  r e p la c in g  th e  p ink  o r  brown rays  
ty p ic a l  o f  A. v ir g in e a .  The s h e l l  apex i s  a lso  lo c a te d  r a t h e r  c lo s e r  to  the  
a n im a l 's  p o s t e r i o r .
Aomaea i s  known to  feed  predom inantly  on en c ru s t in g  a lg a l  growth and 
d iatom s. Indeed Castenholz (1961) has dem onstrated  th e  c a p a c i ty  o f  v a r io u s  
acmaeids to  c o n tro l  th e  d i s t r i b u t i o n  o f  l i t t o r a l  diatoms under c e r t a i n  c o n d i t io n s
The b reed ing  season extends  from A pril  - J u ly  ( F r e t t e r  and Graham, 1962). 
Following th e  d e p o s i t io n  o f eggs on th e  substra tum , free-swimming trochophore  
la rv a e  emerge to  develop in  th e  p lank ton .
b) P a te lla
The l a r g e r  and more ro b u s t  p a t e l l i d s  a r e  b e t t e r  adap ted  to  s u rv iv a l  in  th e  
extreme l i t t o r a l  environment and a re  consequently  th e  dominant l im pets  on North 
A t la n t i c  sh o re s .  P a te lla  vu lg a ta  L . , t h e  common l im p e t ,  i s  the  most u b iq u ito u s  
p a t e l l i d  found around th e  B r i t i s h  c o a s t ,  o c cu r r in g  abundantly  on most rocky and 
stony shores  a t  bo th  exposed and s h e l t e r e d  lo c a t io n s .  The b la c k - fo o te d  l im p e t .  
P a te lla  depressa  Pennant (= P. in term ed ia  J e f f r e y s )  and th e  c h in a  l im p e t .
P a te lla  aspera  Lamarck, a lso  occur ,  though le s s  commonly. The former i s  
r e s t r i c t e d  to  exposed, rocky shores  along th e  S. and S.W. c o a s ts  o f  England 
( F r e t t e r  and Graham, 1962), w hile  th e  l a t t e r ,  though a ls o  r e s t r i c t e d  l a r g e l y  to  
exposed sh o res ,  has a wider geographic  range and does occur ( lo c a l ly )  in  the  
F i r t h  o f  Clyde. I t  i s  g e n e ra l ly  found low on th e  shore  o r  in  th e  s u b l i t t o r a l  
f r in g e  where th e  growth o f  fu co id  a lg ae  i s  s p a rse  o r  absen t (p e rs .  o b s . ) .
In v ivoy  P a te l la  aspera  from th e  I s l e  o f  Cumbrae can u s u a l ly  be i d e n t i f i e d
by th e  d i s t i n c t  l i g h t ,  c ream -orange fo o t  which p re s e n ts  a marked c o n t r a s t  to  
th e  o l iv e -g re e n  o f  P a te l la  vu lg a ta  and th e  very  dark fo o t  o f  P. depressa .
Prev ious  s t u d ie s ,  however, suggest t h a t  fo o t  co lo u r  i s  no t always a r e l i a b l e  
c h a r a c te r  f o r  sy s tem a tic  purposes (see  Ebling e t  a l . ,  1962). The in n e r  su rface  
o f  th e  P. aspera  s h e l l  has a porcelanous t e x tu r e  and th e  head s c a r  appears 
o range-yellow . In P. vu lg a ta  th e  head sca r  i s  s i lv e r y  o r ,  a l t e r n a t i v e l y ,  an 
opaque w h ite -g rey  c o lo u r ,  w h ile  in  P. depressa  th e  s h e l l  has an unm istakeably  
dark  i n t e r i o r  w ith  d i s t i n c t i v e  dark  r a y s .  P a te lla  v u lg a ta  can a lso  be 
recogn ised  by the  t r a n s p a r e n t  m arginal t e n ta c le s  which c o n t r a s t  w ith  th e  opaque, 
cream-white t e n t a c l e s  o f  P. aspera  and P. d epressa . F u r th e r  d i f f e r e n c e s  in  
ra d u la  r a t i o  ( r a d u la  le n g th  : s h e l l  len g th )  and mean ra d u la  le n g th  a re  re p o r te d  
by F i s c h e r - P ie t t e  (1935), Evans (1947a) and Ebling e t  a l .  (1962), and a re  
summarised by F r e t t e r  and Graham (1962),
Ju v e n i le  lim pe ts  a r e  r e c r u i t e d  from sp a t  s e t t l i n g  w ith  maximum abundance 
near LWNT (Jones , 1948) and in  pools  and m oist c re v ice s  a t  h ig h e r  le v e l s  
(Orton, 1929). P. vu lg a ta  b reeds  during  th e  w in te r  months (predom inantly  
October-December, Yonge and Thonpson, 1976), while th e  re p ro d u c t iv e  season of 
P a te lla  depressa  and P. aspera  f a l l s  l a rg e ly  during  th e  summer ( F r e t t e r  and 
Graham, 1962). In an in v e s t ig a t i o n  o f  annual f lu c tu a t io n s  in  re c ru i tm e n t  of 
P. vu lg a ta  a t  Robin Hood's Bay i n  N. Y orksh ire ,  Bowman and Lewis (1977) concluded 
th a t  s h o r t  pe r iods  o f  low a i r  tem peratu res  du ring  th e  f i r s t  few weeks a f t e r  
s e t t lem e n t  ( l a t e  autumn), ex er ted  th e  g r e a te s t  in f lu en c e  on rec ru i tm e n t  l e v e l s .  
Furthermore, v a r i a t i o n s  of up to seven weeks i n  gonad r ip e n in g  and th e  occurrence  
o f  spawning were recorded  in  response  to f l u c tu a t in g  summer tem pera tu res  and 
rough s e a s . Regional d a ta  from th e  n o r th  o f  B r i t a in ,  in c lu d in g  th e  I s l e  o f  
Cumbrae, appeared to  accord w ith  th e  f r o s t - c o n t r o l  h y p o th e s is .
Following s e t t le m e n t ,  th e  su rv iv a l  o f  ju v e n i le  P a te lla  may be a f f e c t e d  by 
a number o f  d i f f e r e n t  f a c to r s  (see  Underwood, 1979) in c lu d in g  th e  degree o f  
exposure o f  th e  sh o re .  C le a r ly  d e s ic c a t io n  i s  a g r e a te r  t h r e a t  on s h e l te re d  
shores where wave a c t i o n  is  l e s s  in te n s e .  B io log ica l  v a r ia b le s  such as the  
presence o r  absence o f  b a rn a c le s  and th e  p o p u la t io n  d e n s i ty  o f  a d u l t  l im p e ts .
may a lso  be o f  im portance.
The c h a r a c t e r i s t i c  homing behav iour o f  the  i n t e r t i d a l  l im p e ts  i s  w ell 
documented. Many sp ec ie s  have r e s t r i c t e d  m ic ro h a b i ta ts  such t h a t  each 
in d iv id u a l  r e tu r n s  to  p r e c i s e ly  th e  same spo t a f t e r  feed in g  excursions  
(Underwood, 1979). F a te tta  vu tga tay  f o r  example, may develop a home s c a r  
which a f f e c t s  growth to  such an e x ten t  t h a t  the  margin o f  th e  s h e l l  comes to  
f i t  th e  contours  o f  th e  substra tum  p r e c i s e ly .
Although th e  mechanism enab ling  F a te tla  to  develop such p r e c i s e  o r i e n t a t i o n  
of  movement is  no t f u l l y  unders tood , numerous th e o r ie s  have been v o lu n tee red .  
Hewat (1940) m ain ta ined  t h a t  F a te tla  vu tg a ta  r e tu rn e d  "home" by d in t  o f  a 
chemical t r a i l  l a i d  on the  outward jo u rn ey . This hypo thesis  i s  perhaps th e  
most a c c e p tab le  and was s t ro n g ly  supported  by th e  o b se rv a t io n s  o f  Cook e t  a t ,  
(1969), which e l im in a te d  th e  p o s s i b i l i t y  o f  topograph ic  and k in a e s th e t i c  memory 
and the  use  o f  c e l e s t i a l  cu es .  F u r th e r  d e t a i l s  o f  homing in  a number o f  
p a t e l l  id  and acmaeid l im p e ts  a re  reco rded  by Branch (1981).
As a h ig h -sh o re  animal exposed a t  low t i d e  to  environm ental co n d it io n s  
e s s e n t i a l l y  th e  same as those  o f  a t e r r e s t r i a l  environm ent, F a te tta  vu tg a ta  
i s  l i a b l e  to  encounter th e  f u l l  e f f e c t s  o f  d e s ic c a t io n .  The a n im a l 's  body 
tem peratu re  w i l l  be  in f lu e n c e d  by a number o f  f a c t o r s ,  in c lu d in g  th e  degree o f  
shade provided by the  microtopography o f  th e  h a b i t a t  and a lso  th e  n a tu re  o f  the  
substratum  and o r i e n t a t i o n  o f  th e  specimen to  in c id e n t  s u n l ig h t .  Spencer 
Davies (1970) recorded  a maximum body tem pera tu re  o f  35°C in  a survey o f  upper 
shore l im pets  bu t  f e l t  t h a t  th e  magnitude o f  d i f f e r e n c e  in  body tem perature  
between h igh  and low shore  g roups, when in te g ra te d  over 24 hours or lo n g e r ,  was 
no t s u f f i c i e n t  to  e x p la in  th e  observed d i f f e r e n c e s  i n  m etabo lic  r a t e  on th e  
b a s is  o f  tem pera tu re  acc l im a tio n  a lone .
A number o f  workers have re p o r te d  a downshore m ig ra t io n  o f  F a te tta  vu tga ta  
c o in c id en t  w ith  f a l l i n g  tem pera tu res  i n  the  autumn (e .g .  Jo n es ,  1948; Williams 
and E l l i s ,  1975; Underwood, 1979). A corresponding  upward m ig ra tion  occurred  
during  th e  s p r in g .
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2 .1 .2 .  The mesogastropod l i t t o r i n i d s
The l i t t o r i n i d a e  have a world-wide d i s t r i b u t i o n  in  th e  l i t t o r a l  zone and 
a re  probably  th e  most p r im i t iv e  e x i s t in g  m esogastropods. The o r ig i n a l  Anglo- 
Saxon name - p inew inc lan  o r  winewinclan - r e f e r r e d  on ly  to  th e  l a r g e s t  of th e  
European l i t t o r i n i d s ,  L'Lttovtma V Lttorea, However to day , th e  term  p e r iw in k le  
(o r w inkle) a p p l ie s  eq u a l ly  to  a number o f  r e l a t e d  s p e c ie s .  The b io lo g y ,  
ecology and d i s t r i b u t i o n  o f  B r i t i s h  and Danish l i t t o r i n i d s  i s  summarised by 
F r e t t e r  and Graham (1980).
Around B r i t i s h  c o a s t s ,  l i t t o r i n i d s  occur on almost a l l  sh o re s ,  from exposed 
to  s h e l t e r e d  and from mud to  ro ck . P re d a t io n  by sh o re  b i r d s  and c ra b s ,  and 
a t  h igh  t i d e  by b o ttom -feed ing  f i s h  (Reimchen, 1974), appears  to  have l i t t l e  
e f f e c t  on w inkle  p o p u la t io n s .
This s tudy  i s  concerned w ith  th e  common w inkle , Littov% na tit-boveay  a 
sp ec ie s  known to  be a h e rb iv o re  o f  c o n s id e ra b le  e c o lo g ic a l  importance (e .g .  
Menge, 1975; Lein, 1980; Sze, 1980) and th e  s ib l in g  f l a t  w in k les ,  L 'itto rtn a  
obiZLsata and L t t to r in a  maviaey which, u n l ik e  o th e r  B r i t i s h  l i t t o r i n i d s ,  a c tu a l ly  
i n h a b i t  th e  m acrophytic  fronds on which they  feed .
a) L'ittorvna t'i t to v e a  (L.)
Lttix>vvna t'ùttoi>ea (L .) i s  one o f  t h e  most abundant i n t e r t i d a l  g as tro p o d s .
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P o p u la tion  d e n s i t i e s  o f  up t o  8 ,000-10,000 l i v e  specimens p e r  m (p e rs .  o b s .)  
a re  n o t uncommon in  th e  F i r t h  o f  Clyde (see F ig .  1 ) .  The sp ec ie s  th r iv e s  
under w idely v a ry ing  c o n d i t io n s ,  o f te n  occu rr in g  i n  r e l a t i v e l y  p o l lu te d  
e s tu a r i e s  (Moore, 1937) where i t  i s  t o l e r a n t  o f  s a l i n i t i e s  in  th e  o rd e r  o f  ten  
p a r t s  pe r  thousand (F isc h e r ,  1948) . I t  can c o lo n ise  a v a r i e t y  o f  d i f f e r e n t  
s u r fa c e s ,  rang ing  from rock  and small s to n es  to  mud and sand bu t g e n e ra l ly  
avoids s h i f t i n g  s u b s t r a t a  and is  uncommon on ch a lk / l im e s to n e  ( F r e t t e r  and 
Graham, 1962) and on exposed shores (p e r s .  o b s . ) .
The common w inkle  is  c h a r a c te r i s e d  by a s h a rp ly -p o in te d ,  c o i le d  s h e l l  
(maximum h e ig h t  approxim ate ly  35-38 mm) which i s  r id g e d  in  young specimens b u t
F ig .  1 . Dense common w inkle  p o p u la t io n  a t  P o r ten c ro ss ,  
F i r t h  o f  Clyde.
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smooth in  o ld e r  in d iv id u a l s .  The s h e l l  co lou r  ranges from g rey -b lack  to  
redd ish-brow n. Small specimens may be confused w ith  members o f  th e  L'ùttOT'ina 
s a x a ttl- is  complex b u t ,  on c lo se  exam ination , can be d is t in g u is h e d  f a i r l y  r e a d i ly  
by th e  dark t r a n s v e r s e  bands which appear on th e  te n ta c le s  and by th e  angle  
formed between th e  upper l i p  o f  th e  s h e l l  a p e r tu re  and th e  ax is  o f  th e  s p i r e .
In L. saxati't'is  th e  ju n c t io n  between s p i r e  and l i p  very  n e a r ly  c o n s t i t u t e s  a 
r i g h t  an g le .  By c o n t r a s t ,  in  th e  common w ink le , the  a x is  o f  th e  s p i r e  extends 
a lm ost p a r a l l e l  to  th e  upper l i p .
A high degree o f  to le r a n c e  towards the  d ry ing  e f f e c t s  o f  exposure a t  low 
t i d e ,  i s  a p r e r e q u i s i t e  to  l i f e  on th e  u p p e r - s h o re . The r e l a t i v e l y  immobile 
common w ink le  has s u c c e s s f u l ly  evolved b eh av iou ra l  and p h y s io lo g ic a l  a d ap ta t io n s  
to  w ith s tan d  d e s ic c a t io n  and su rv iv e  in  t h i s  extreme environm ent. When th e  
substra tum  d r i e s ,  a s e c r e t i o n  from th e  a n t e r io r  pedal gland s t i c k s  th e  l i p  o f  
th e  s h e l l  to  th e  rock  s u r f a c e  and, as th e  s e c r e t io n  ha rdens, the  fo o t  can be 
withdrawn in to  th e  s h e l l .  In  t h i s  s t a t e  L vtto v in a  i s  ab le  to  su rv iv e  c o n s ta n t
emersion fo r  long p e r io d s .  Indeed Perkins (1967) recorded  a 50% m o r ta l i ty
(LE^q) f o r  common w inkles exposed to  a i r ,  o f  22-40 days. Under cover o f  a lg a e ,  
su rv iv a l  in c re a se d .  Adult animals have a lso  been shown to  s u rv iv e  r e l a t i v e l y  h igh  
a i r  te m p e ra tu re s .  Tolerance  o f  tem pera tu res  i n  excess o f  40*C has been recorded  
under bo th  la b o ra to ry  and f i e l d  c o n d i t io n s  by Evans (1948) and by Fraenkel (1960).
The l i t t o r i n i d s  e x h ib i t  a p a r t i c u l a r l y  wide v a r i e t y  o f  re p ro d u c t iv e  modes, 
rang ing  from brooding o f  young, th rough  lay in g  o f  b e n th ie  egg masses to  th e  
p roduc tion  o f p la n k to n ic  la r v a e .  Recent i n v e s t ig a t io n s  o f  p o p u la t io n  dynamics 
have i d e n t i f i e d  th e  s e l e c t i v e  fo rc e s  p robab ly  re s p o n s ib le  f o r  many o f  th e se  l i f e  
h i s to r y  a d ap ta t io n s  ( e .g .  R a f f a e l l i  and Hughes, 1978; Hughes, 1980; Roberts 
and Hughes, 1980).
The common w inkle  i s  p i a n k to t r o p h ic , eggs being l a i d  in  lensrshaped  
capsu les  (one to  t h r e e  eggs p e r  c a p s u le ) ,  from which c i l i a t e d  v e l ig e r s  emerge 
a f t e r  s e v e ra l  days. At M il lp o r t  on th e  I s l e  o f  Cumbrae, E lm hirs t (1923) noted 
t h a t  the  spawning season extended from January  to  J u ly  and, o c c a s io n a l ly , in to  
August. The la rv a e  norm ally  rem ain in  w ater masses c lo se  to  th e  shore
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(Underwood, 1979) b e fo re  ev en tu a l ly  s e t t l i n g  low down in  th e  l i t t o r a l  zone.
Under c e r t a i n  c ircu m stan ces ,  developing  embryos can be t r a n s p o r te d  c o n s id e ra b le  
d is ta n c e s  b e fo re  ha tch in g  and th i s  is  thought to  be a major f a c t o r  in  the  
southward sp read  o f  th e  sp ec ie s  on the  e a s t  co as t  o f  America (W ells, 1965). 
M ileikovsky (1975) observed  t h a t  complete p e lo g ic  development o f  t h i s  n a tu re  
was most common in  l i t t o r i n i d s  in h a b i t in g  th e  upper sh o re ,
Hughes and Roberts (1980) in v e s t ig a te d  the  re p ro d u c t iv e  e f f o r t  o f  a v a r i e ty  
o f  w inkles and found a g e n e ra l  t r e n d  towards an in c reased  re p ro d u c t iv e  e f f o r t  
w ith  in c re a s in g  age. Three in d ic e s  were employed, L. Z'Cttorea a ch iev ing  th e  
g r e a t e s t  r e p ro d u c t iv e  e f f o r t  when ranked on a tim e ax is  s ta n d a rd is e d  fo r  growth 
r a t e .
The a n a ly s is  o f  l i t t o r i n i d  gastropods has been used  by s e v e ra l  workers to  
a sse s s  heavy-m etal con tam ina tion  in  e s tu a r i e s  and c o a s ta l  a re a s  ( e .g .  Portmann,
1979). The v a lu e  o f  th e  common w ink le  as an in d ic a to r  sp ec ie s  was in v e s t ig a te d  
by Bryan e t  a t ,  (1983) who concluded t h a t ,  w h i ls t  p o t e n t i a l l y  u s e fu l  as an 
in d ic a to r  f o r  Cd and s e v e ra l  o th e r  m e ta ls ,  i t  was no t a p e r f e c t  in d ic a to r  
organism . Heavy-metal c o n c e n tra t io n s  were found to be g e n e r a l ly  h ig h e r  in  th e  
f l a t  w inkle .
b) L ttto r tn a  ob tuaata  (L.) and L t t to r tn a  martae Sacchi and R a s t e l l i
The taxonomy o f  th e  B r i t i s h  l i t t o r i n i d s  has f r e q u e n t ly  been in  d i s p u te ,  
e s p e c ia l ly  w ith  re g a rd  to  th e  h ig h ly  polymorphic " sp e c ie s "  commonly known as 
Ltttovvm a s a x a t- itts  (L.) (= ru d ïs )  and L tt to r in a  o b tu sa ta  (L.) (= t i t t o v a t t s ' ) . 
The "L. obtusata^^ complex i s  r e a d i l y  i d e n t i f i e d  by th e  d ep ressed  s p i r e  o f  th e  
s h e l l ,  from which th e  common name, f l a t  w in k le ,  i s  d e r iv e d .
The f l a t  w inkle  reproduces by means o f  b e n th ic  egg capsu le s  l a i d  between 
March and October on th e  fronds  o f  th e  fuco id  a lgae  (Barkman, 1955).
Reproduction does no t  a t  any s tag e  in v o lv e  d i s p e r s a l  l a rv a e  and consequen tly  
g e n e t ic  v a r i a b i l i t y  among p o p u la t io n s  may c o n t r ib u te  s i g n i f i c a n t l y  to  f l a t  
w inkle  ecology (Underwood, 1979).
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In  th e  course  o f  a d e t a i l e d  in v e s t i g a t i o n  o f  polymorphism and i t s  r e l a t i o n  
to  th e  ecology o f  "L'Ctiz>rtna obtusa'ta”, Sacchi (1961a,b; 1963; 1964; 1966a,b) 
recogn ised  a s iz e  dimorphism in  which he termed th e  morphs, "dwarf" and "norm al". 
Subsequently , a number o f  o th e r  m orpho log ica l ,  p h y s io lo g ic a l  and e c o lo g ic a l  
d i f f e r e n c e s  were r e v e a le d ,  prompting Sacchi and R a s t e l l i  (1966) to  s e p a ra te  
"L, obtusata'' in to  two sym patric  u n i t s ,  d e sc r ib in g  th e  dwarf form as a new 
s p e c ie s ,  L 'itto rtn a  m ariae. I n t e r s p e c i f i c  d i f f e r e n c e s  have s in c e  been e la b o ra te d  
by Sacchi (1967; 1969a,b; 1972), Reimchen (1974) and Goodwin and F ish  (1977).
The mean s h e l l  h e ig h t  o f  a d u l t  specimens c o l l e c te d  a t  two s i t e s  o f  
c o n t r a s t in g  exposure on th e  I s l e  o f  Cumbrae is  l i s t e d  in  Table 1. B u t te r  Lump 
(O.S. Map r e f .  NS182556) i s  a r e l a t i v e l y  s h e l t e r e d  e a s t - f a c in g  lo c a t io n ,  w hile  
Farland  P oin t (O.S. Map r e f .  NSl72544) i s  a more exposed s o u th - fa c in g  s i t e  
(F ig . 2 ) . The c l a s s i c  b im o d a li ty  o f  a d u l t  s h e l l  s iz e  recogn ised  by Sacchi 
(1961a,b) was e v id e n t  a t  both  lo c a t io n s .  However th e  magnitude of v a r i a t i o n  
in  s iz e  was l e s s  a t  the  more exposed Farland  P o in t  ( c f .  Reimchen, 1974; Goodwin 
and F ish ,  1977). Reimchen (1974) considered  th a t  much o f  th e  d i f f e r e n c e  in  
s h e l l  s i z e ,  bo th  w i th in  and between s p e c ie s ,  could  be a t t r i b u t e d  to  th e  degree 
o f  exposure to  wave a c t io n  and to  th e  e f f e c t s  o f  p re d a t io n  by c ra b s ,  e s p e c i a l l y  
Caroinus maenus.
Table 1 . Mean s h e l l  h e ig h t  o f  a d u l t  f l a t  w inkles  a t  two s i t e s  on the  
I s l e  o f  Cumbrae.
Mean s h e l l  h e ig h t  (cm) ± S.E. 
B u t te r  Lump F arland  Po in t
L, ob tu sa ta  1.20 ± 0.037 (N=74) 1 .00  ± 0.003 (N=88)
L. m artae 0 .94 ± 0.019 (N=74) 0.95 ± 0.041 (N=69)
F ig . 2. C o l le c t in g  s i t e s  on th e  I s l e  o f  Cumbrae,
A. B u tte r  Lump.
B. Farland  P o in t .
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The abundance o f  L -itto rin a  obtusaizi and L itto v in a  mariae v a r i e s  g r e a t l y  
b o th  a t  s h e l t e r e d  and exposed s i t e s  (pe rs .  o b s . ) .  N ev er th e le s s ,  Reimchen 
(1974) and Sacchi (1969a) found t h a t  L, ohiMsata was g e n e r a l ly  more common a t  
s h e l t e r e d  lo c a t io n s  where fu co id  cover was g r e a t e s t .  L, m artae, p redom inantly  
an in h a b i ta n t  o f  th e  Fucus se r ra tu s  canopy, tended to  form a g r e a te r  
p ro p o r t io n  o f  th e  t o t a l  f l a t  w inkle  p o p u la t io n  a t  exposed s i t e s ,  where th e  
q u a n t i ty  o f  Fuaus servaiM s in c re a se d  r e l a t i v e  to  o th e r  fu c o id s .  The abundance 
of each sp ec ie s  a t  the  sampling s i t e s  on the  I s l e  o f  Cumbrae is  shown in  Table 2. 
Abundance o f  L, mcœtae ( r e l a t i v e  to th e  amount o f  fu c o id  cover) remained f a i r l y  
c o n s ta n t ,  su g g es t in g  t h a t  exposure d id  n o t  a f f e c t  abundance d i r e c t l y .
P o p u la t io n s  of L, o b tu sa ta  appeared  to  vary  q u i t e  d ra m a t ic a l ly  between th e  two 
s i t e s  and between th e  two a lg a l  zones, showing no d i s c e r n ib l e  r e l a t i o n  to  
exposure.
A number o f  f e a tu r e s  have been employed to  s e p a ra te  L. o b tu sa ta  and L, mar-iae 
fo r  r e s e a rc h  p u rp o se s .  The morphology o f  th e  s h e l l  (male and female specimens) 
and o f  th e  re p ro d u c t iv e  organs (males) a re  p a r t i c u l a r l y  convenien t f e a tu r e s  in  
d i s t in g u is h in g  l i v e  specimens. A ll mature male f l a t  w inkles d i s p la y  one o f  
th e  two c h a r a c t e r i s t i c  types  o f  pen is  d esc r ib ed  by Sacchi and R a s t e l l i  (1966) 
and Reimchen (1974). The penis  o f  th e  l a r g e r  Dùttor-ina o b tu sa ta  i s  muscular 
and s to u t ,  th e  d i s t a l  tu b u le  c o n s t i t u t i n g  le s s  th an  10% o f  t h e  t o t a l  le n g th .
More than  20 adhesive  glands occur a t  th e  ba se .  By c o n t r a s t ,  in  L, maTvae 
th e  organ i s  r e l a t i v e l y  long and s le n d e r  w ith  le s s  th an  12 ba sa l  adhesive glands 
and th e  d i s t a l  tu b u le  can account fo r  up to  50% o f  th e  e n t i r e  le n g th  (Reimchen, 
1974; p e r s .  o b s . ) .
Although the  b a s ic  shape o f  th e  s h e l l  i s  s im i la r  in  most r e s p e c t s ,  s u b t le  
d i f f e r e n c e s  do occur in  th e  th ick n ess  o f  th e  l i p  r e l a t i v e  to  th e  d iam eter  o f  
th e  a p e r tu re .  In  L-ittorzna m ariae, th e  l i p  is  g e n e r a l ly  th i c k e r  and th e  a p e r tu re  
sm alle r  than  in  L, o b tu sa ta . When the  au thor became f a m i l i a r  w ith  th e  s h e l l  
form o f  mature specimens from th e  c o l l e c t i n g  s i t e s ,  i t  proved p o s s ib le  to  s e p a ra te  
th e  two s p e c ie s ,  both  i n  th e  la b o ra to ry  and in  th e  f i e l d ,  on t h i s  b a s is  a lone . 
Successfu l i d e n t i f i c a t i o n  o f  male and female specimens was achieved w ith  a
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co n s is ten cy  in  th e  re g io n  o f  94%. This techn ique  canno t,  however, be used 
to  s e p a ra te  j u v e n i l e s .
The s p e c i f i c  s t a t u s  o f  th e  two s i b l in g  sp ec ie s  i s  f u r t h e r  confirmed by 
d i f f e r e n c e s  in  r a d u la r  morphology (see  Chapter 4 ) ,  by b iochem ica l c h a r a c t e r i s t i c s  
and by th e  p igm en ta tion  o f  th e  o v ip o s i to r  in  fem ales .
Table 2 . F la t  w inkle  abundance a t  two s i t e s  on th e  I s l e  o f  Cumbrae.
Abundance (number p e r  lOOg a lga)
B u t te r  Lump F a rland  P oin t
A scoghyltim  Fuous s e r ra tu s  A scophyllim  Fuaus se r ra tu s
L, ob tu sa ta  2.68 0.98 0.74 2.08
L, mariae 0.19 2.10 - 2.41
Ju v e n i le s  2.39 2.39 3.32 7.89
Perhaps th e  most n o t ic e a b le  a t t r i b u t e  o f  t h e  f l a t  w inkle  is  th e  h igh  degree 
o f  v a r i a b i l i t y  in  s h e l l  c o lo u r .  In  each sp ec ie s  th e  fo u r  p r i n c i p l e  morphs - 
c i t r i n a ,  o l iv a c e a ,  dark  r e t i c u l a t a  and l i g h t  r e t i c u l a t a  - occur in  d i f f e r e n t  
p ro p o r t io n s .  Table 3 reco rd s  the  frequency o f  th e s e  co lo u r  morphs a t  B u tte r  
Lump, I s l e  o f  Cumbrae. The f ig u r e s  a r e  in  g enera l agreement w ith  th e  
o b se rv a t io n s  made by Sacchi (1967; 1969b) and by Reimchen (1974), showing th e  
dominant co lou r  morph o f  L. o b tu sa ta  to  be o l iv a c e a  (fo llow ed  by dark  r e t i c u l a t a ) ,  
w h ile  th e  dark  r e t i c u l a t e  form (fo llow ed  by c i t r i n a  and l i g h t  r e t i c u l a t a )  was 
most common in  L, m ariae.
Colour polymorphism i s  known to  be g e n e t i c a l l y  c o n t r o l l e d  (Reimchen, 1974) . 
For both  s p e c ie s ,  phenotyp ic  freq u en c ie s  v a ry  w ith  exposure, converging on exposed 
shores and d iv e rg in g  on s h e l t e r e d  sh o re s .  Reimchen found th e s e  changes to  
r e f l e c t  s im i la r  changes i n  th e  background on which each phenotype was c r y p t i c .
In 'L itto r in a  o b tu sa ta y f req u e n c ie s  c o r r e la t e d  w ith  th e  sp ec ie s  o f  a lg a  in h a b i te d ,  
w hile  in  L, m ariaey t h e  im portan t v a r i a b le  appeared to  be th e  m ic r o d i s t r ib u t io n
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o f  ju v e n i le  in d iv id u a ls  w i th in  p l a n t s  o f  th e  same s p e c ie s .
Table 5 . Colour polymorphism in  f l a t  w inkles  from B u t te r  Lump, 
I s l e  o f  Cumbrae.
Colour morph L i t to r in a  ob tu sa ta  L i t to r in a  mariae
(N=183) (N=164)
O livacea 73% -
C i t r i n a 6% 24%
Dark r e t i c u l a t a 21% 52%
Light r e t i c u l a t a 0.5% 23%
2 .1 .3 .  The prosobranch  a l im e n ta ry  s y s t  em
C le a r ly  th e  e f f ic ie n c y  o f  th e  g r a z e r ' s  d ig e s t iv e  system i s  l i k e l y  to  
in f lu en c e  th e  com position  o f  th e  d i e t .  However th e  b a s ic  f e a tu r e s  o f  th e  
a l im en ta ry  t r a c t  v a ry  l i t t l e  between th e  h e rb iv o res  o f  th e  a rchaeogastropod  
and mesogastropod o r d e r s .  The i n t e n t io n  o f  t h i s  s e c t io n  i s  to  summarise the  
major s t r u c t u r a l  and fu n c t io n a l  c h a r a c t e r i s t i c s  o f  the  p rosobranch  d ig e s t iv e  
system . I t  i s  drawn p r im a r i ly  from th e  reviews o f  F r e t t e r  and Graham (1962) 
and Morton (1958) but i s  supported  by p e rso n a l  o b se rv a tio n s  made du ring  th e  
d i s s e c t io n  o f  dead a n im a ls .
The a l im en ta ry  cana l i s  b a s i c a l l y  U-shaped, r i s i n g  from th e  mouth to  th e  
stomach in  the  v i s c e r a l  hump and then  f a l l i n g  aga in  to  th e  p o in t  where th e  anus 
d isch a rg es  i n to  th e  m antle  c a v i ty .  The mouth le ad s  in to  th e  o ra l  tu b e ,  a s h o r t  
passage which i t s e l f  expands r a p id ly  i n t o  th e  buccal c a v i ty .  When th e  mollusc 
i s  no t a c t i v e ly  fe e d in g ,  th e  o ra l  tube  i s  sep a ra te d  from th e  buccal c a v i ty  by 
th e  in n e r  l i p s .
The mechanics o f  fo o d -g a th e r in g  and in g e s t io n  w i l l  be d iscu ssed  in  d e t a i l  
in  a l a t e r  c h ap te r  b u t  r e ly  h e a v i ly  on a m uscu lar ,  to n g u e - l ik e  s t r u c t u r e ,  the
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odontophore, which i s  a t ta c h e d  p o s t e r io r ly  to  th e  f l o o r  o f  th e  buccal c a v i ty .
The o th e r  prominent f e a tu r e  o f  th e  buccal c a v i ty  i s  a p a i r  o f  l o n g i tu d in a l ly  
d i r e c te d  fo ld s  l in e d  w ith  c i l i a t e d  e p ith e liu m  which c a r ry  in g e s te d  food p a r t i c l e s  
backwards in to  t h e  oesophagus. Mucus s e c re te d  by th e  s a l i v a r y  g lands  a id s  th i s  
p ro c e ss ,  a c t in g  as a lu b r i c a n t  and as an adhesive  f o r  th e  food p a r t i c l e s .  In 
most prosobranchs th e  s a l i v a  does not, in  f a c t ,  appear to  c o n ta in  d ig e s t iv e  
enzymes, a lthough  Jenk ins  (1955} d id  d e t e c t  amylase i n  th e  s a l i v a r y  glands o f  
L it to r in a  t i t t o r e a .
The oesophagus, which connects  th e  buccal c a v i ty  to  th e  stomach, i s  d iv id ed  
m orpho log ica lly  and h i s t o l o g i c a l l y  in to  th re e  s e c t i o n s .  Along th e  d o rsa l  w all 
o f  th e  a n t e r i o r  oesophagus and th e  m id-oesophagus, th e  d o rs a l  fo ld s  form a deep 
channel termed th e  d o rsa l  food ch an n e l,  which c a r r i e s  food back towards th e  
stomach. In P a te l la  th e re  i s  a f u r th e r  double f o ld  running  along th e  mid- 
v e n t r a l  l i n e .
The l a t e r a l  and v e n t r a l  w alls  o f  the  mid-oesophagus a r e  l in e d  w ith  a 
g la n d u la r  ep i th e l iu m  re s p o n s ib le  f o r  the  s e c r e t io n  of d ig e s t i v e  enzymes and 
caus ing  a c o n s id e ra b le  sw e llin g  i n  t h i s  s e c t io n  o f  th e  a lim en ta ry  t r a c t .  The 
d i r e c t i o n  of th e  c i l i a r y  b e a t  in  th e  g la n d u la r  a reas  channe ls  th e  s e c r e t io n  from 
th e  oesophageal g lands towards th e  food channel. The d o rsa l  f o ld s  and th e  
a s s o c ia te d  g la n d u la r  ep ith e l iu m  d isap p e a r  in  th e  p o s t e r i o r  oesophagus, where 
th e  p r in c ip a l  fu n c t io n  is  simply to  d e l iv e r  food and d ig e s t iv e  enzymes to  th e  
stomach.
The stomach i t s e l f  l i e s  in  th e  v i s c e r a l  hump and can g e n e r a l ly  be d iv id ed  
in to  a g lo b u la r  p o s t e r i o r  p o r t io n  and a narrower a n t e r i o r  s t y l e  s a c .  In 
L it to r in a  th e  oesophagus e n te r s  the  stomach half-w ay between th e  p o s t e r io r  and 
a n t e r i o r  ends and th e  i n t e s t i n e  emerges from th e  a n t e r i o r  end o f  th e  s t y l e  sac .  
The d ig e s t iv e  d i v e r t i c u l a  (duc ts  le ad in g  to  the  d ig e s t iv e  g land) open c lo se  to  
th e  oesophageal a p e r tu re .
In s id e  th e  stomach, a m ix tu re  o f  food and enzymes s e c re te d  by th e  d ig e s t iv e  
g lan d s ,  i s  a c te d  upon by c i l i a r y  c u r r e n ts  and by muscular c o n t r a c t i o n  o f  th e  
stomach w a l l .  A c u t i c u l a r  s t r u c t u r e ,  termed the g a s t r i c  s h i e l d ,  p r o t e c t s  th e
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stomach w all  from a b ra s io n .
Following a p e r io d  o f  d ig e s t io n  in  th e  p o s t e r i o r  stomach, a s o lu t io n  o f  the  
d ig e s te d  food m a te r ia l  is  fo rced  i n t o  th e  duc ts  and tu b u le s  o f  th e  d ig e s t iv e  
g land to  be absorbed by th e  a c t iv e  d ig e s t i v e  c e l l s .  In th e  p a t e l l i d  and 
acmaeid l im p e ts ,  phagocy tos is  and i n t r a c e l l u l a r  d ig e s t io n  o f  m inute p a r t i c u l a t e  
m a tte r  may a lso  o c cu r .  I n d ig e s t i b l e  m a te r ia l  i s  he ld  in  " r e s id u a l  v e s i c l e s "  
u n t i l  d ischarged  i n to  th e  lumen by f rag m en ta t io n  o f  t h e  t i p s  o f  th e  absorb ing  
c e l l s .
The two lobes o f  th e  d i g e s t i v e  gland in v a r ia b ly  occupy a l a rg e  p ro p o r t io n  
of th e  v i s c e r a l  hump, a lthough  th e  a c tu a l  q u a n t i ty  o f  r e s e rv e  food (glycogen) 
s to re d  in  th e  co n n ec tiv e  t i s s u e  i s  dependent both  on th e  n u t r i t i v e  and th e  
sexual s t a t e  o f  th e  an im al.
The i n d i g e s t i b l e  m a te r ia l  rem aining in  th e  p o s t e r i o r  chamber o f  th e  stomach 
i s  t r a n s p o r te d  to t h e  s t y l e  sac  where i t  i s  supplemented by m a te r ia l  ex cre ted  
from t h e  d ig e s t iv e  g land . This comprises a m ix tu re  o f  p a r t i c u l a t e  food 
o r ig i n a t in g  in  th e  p o s t e r i o r  stomach, e x c re to ry  m a t te r  e x t r a c te d  from th e  b lood, 
and the  i n d i g e s t i b l e  r e s id u e  o f  food undergoing i n t r a c e l l u l a r  d ig e s t io n  ( in  
sp ec ie s  where such d ig e s t io n  o c c u rs ) .
In  th e  p a t e l l i d s ,  th e  p o s t e r i o r  p o r t io n  of th e  stomach i s  almost e n t i r e l y  
l o s t  and th e  oesophagus and s t y l e  sac  a r e  p a r t i c u l a r l y  w ell developed. As 
F r e t t e r  and Graham (1962) acknowledge, i t  i s  d i f f i c u l t  to  a s c r ib e  a convincing 
rea so n  to  t h i s  e v o lu t io n a ry  anomaly which p a r a l l e l s ,  in  many ways, development 
in  th e  ca rn ivorous  h ig h e r  p ro so b ra n ch s .
The major fu n c t io n  o f  the  s t y l e  sac  is  th e  fo rm ation  o f  f a e c e s .  The 
rem aining i n d i g e s t i b l e  m a te r ia l  i s  r o t a t e d  and cemented to  form a rod h e ld  
to g e th e r  by mucus. This th e n  passes  in to  th e  i n t e s t i n e  where f u r t h e r  s e c r e t io n  
from i n t e s t i n a l  g lands  c o n so l id a te s  the  p rocess  o f  adhes ion  and compaction.
In L fitto r in a y segm enta tion  o f  th e  fa e c a l  rod in to  f a e c a l  p e l l e t s  a lso  o c cu rs .  
Hence th e  p rim ary  fu n c t io n  o f  th e  i n t e s t i n e  is  not to  absorb th e  p roduc ts  o f  
d ig e s t io n ,  but r a t h e r  to  produce faeces  which w i l l  n o t  d i s i n t e g r a t e  w ith in  the 
m antle c a v i ty  and th r e a t e n  th e  e f f i c i e n t  o p e ra t io n  o f  th e  g i l l s .
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2.2 . I n t e r t i d a l  zona tion
B io lo g ica l  and eco lo g ica l  d i f f e r e n c e s  a re  r e f l e c t e d  in  i n t e r t i d a l  
d i s t r i b u t i o n  p a t t e r n s .  The v e r t i c a l  zona tion  o f  m acrophytic  a lg a e  i s  a well 
known and abundantly  documented phenomenon. The abundance o f  th e  major 
canopy-forming fu c o id  sp ec ie s  v a r i e s  in  re sponse  to  th e  degree  o f  exposure and 
th e  n a tu re  o f  th e  su b s tra tu m , b u t  the  b a s ic  p a t t e r n  of down-shore su ccess io n  
remains fundam entally  th e  same.
D eterm ination  o f  th e  f a c to r s  l im i t in g  fu co id  d i s t r i b u t i o n  has prompted 
much s c i e n t i f i c  r e s e a rc h .  As an eco lo g ica l  problem in v o lv in g  th e  i n t e r a c t io n  
of each component i n  a f r e q u e n t ly  complex community, to g e th e r  w ith  the  numerous 
p h y s ica l  f a c to r s  which in f lu e n c e  shore  l i f e ,  i t  has proven d i f f i c u l t  t o  s e p a ra te  
uneq u iv o ca lly  th e  u l t im a te  d i s t r i b u t i o n a l  d e te rm in a n ts .  I t  i s  easy to  f a l l  
in to  th e  t r a p  of making unw arranted g e n e r a l i s a t io n s  in  th e  l i g h t  o f  o b se rv a t io n s  
on only one sp ec ie s  o r  a t  j u s t  one lo c a t io n .  This tendency i s  exem plified  by 
th e  f r e q u e n t ly  quoted  th e o ry  s t a t i n g  t h a t  upper l i m i t s  o f  a lg a l  d i s t r i b u t i o n  
a re  c o n t ro l le d  e x c lu s iv e ly  by p h y s ic a l  f a c to r s  ( e .g .  Colman, 1939; Lewis, 1964; 
Schonbeck and Norton, 1978), w h ile  lower l im i t s  a r e  de term ined  by b io lo g ic a l  
f a c t o r s ,  in c lu d in g  g raz ing  ( e .g .  Burrows and Lodge, 1950; Schonbeck and Norton,
1980) and co m p eti t io n  ( e .g .  Schonbeck and Norton, 1980). While t h i s  maxim may 
be a p p l ic a b le  in  many in s ta n c e s ,  i t  i s  by no means i n f a l l i b l e  (see Schonbeck 
and Norton, 1978).
Zonation o f  l i t t o r a l  i n v e r t e b r a te  p o p u la t io n s  a ls o  o c c u rs ,  o f te n  in  response  
to a lg a l  d i s t r i b u t i o n .  Seaweed cover prov ides  s h e l t e r  f o r  th e  in h a b i ta n t s  of 
a p o t e n t i a l l y  extreme environment, as w ell as c o n s t i t u t i n g ,  a t  a l l  s tag e s  o f  
development, an abundant source o f  food f o r  herb ivorous  s p e c ie s .
I t  i s  w idely b e l ie v e d  th a t  upper l i m i t s  o f  i n v e r t e b r a t e  d i s t r i b u t i o n  
co in c id e  w ith  l i m i t s  o f  p h y s io lo g ic a l  to le r a n c e  to  p h y s ica l  f a c to r s  during  low 
t i d e ,  a lthough th e  evidence to support  t h i s  th eo ry  i s  minimal (Underwood, 1979). 
A l t e r n a t iv e ly ,  upper l i m i t s  may be determ ined by i n t e r s p e c i f i c  com petit ion  fo r  
food. Underwood (1979) sugges ted  th a t  lower l i m i t s  might depend on p re d a t io n
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a t  h igh t i d e  o r  beh av io u ra l  re sponses  to  l i g h t ,  g r a v i ty  and fo o d ,w h ile  Wolcott 
(1973) f e l t  t h a t  s e l e c t i o n  p re s su re s  would favour range  expansion to  the  l i m i t s  
o f  p h y s io lo g ic a l  to le r a n c e s  only  where the  range bo rdered  on u n ex p lo ited  
re s o u rc e s .  I f  t h i s  i s  t r u e ,  th e n  p h y s ic a l  f a c to r s  w i l l  seldom de term ine  th e  
range l i m i t s  o f  in v e r t e b r a t e  p o p u la t io n s .
Whatever th e  de te rm in an ts  o f  d i s t r i b u t i o n ,  zo n a tio n  i s  o f t e n  s u f f i c i e n t l y  
f l e x i b l e  to  pe rm it seaso n a l f l u c t u a t i o n s ,  e s p e c ia l ly  where th e  more mobile 
sp ec ie s  a re  concerned. V e r t i c a l  m ig ra t io n  o f a d u l ts  may occu r in  re sponse  to  
seasonal c l im a t ic  changes, w hile  th e  p r e f e r e n t i a l  s e t t le m e n t  of ju v e n i le s  - 
where th e r e  i s  a p la n k to n ic  phase o f  development - has th e  p o t e n t i a l  to a l t e r  
d i s t r i b u t i o n  d ra m a t ic a l ly  f o r  s h o r t  p e r io d s ,  o f te n  on an annual b a s i s .
In  t h i s  s e c t io n ,  th e  zon a tio n  o f  th e  t e s t  m olluscs in  r e l a t i o n  to  th e  
dominant canopy and u n d e rs to re y  a lg ae  i s  examined a t  B u tte r  Lump. The in t e n t i o n  
i s  n o t on ly  to  look a t  community s t r u c t u r e  bu t a lso  to  d e f in e  the  p o te n t i a l  
m acroalgal food sources a v a i l a b le  to  each g ra z e r .
2 .2 .1 .  Methods
Abundance o f  a lg ae  and s n a i l s  was reco rded  in  a d ja c e n t  0.5m. x 0.5m. 
q u ad ra ts  along a 16m. t r a n s e c t  l i n e  s t r e t c h i n g  down th e  sh o re  from th e  uppermost 
l im i t  of fu co id  d i s t r i b u t i o n  (3.2m. above c h a r t  datum ). The quadra ts  were 
d iv id ed  in to  10cm. x 10 cm. g r id s  to  f a c i l i t a t e  ready assessm ent o f  p e rcen tag e  
cover f o r  each a lg a l  s p e c ie s .
I d e n t i f i c a t i o n  of a d u l t  f l a t  w inkles  was based on s h e l l  morphology and was 
c a r r i e d  out in  th e  f i e l d .  No i d e n t i f i c a t i o n  o f  ju v e n i l e  specimens was a ttem pted ,
D is t r i b u t io n  a long th e  t r a n s e c t  was examined i n i t i a l l y  du rin g  September,
1982 and was r e - a s s e s s e d  i n  A p r i l ,  1983.
2 .2 .2 .  R esu lts
The r e s u l t s  a r e  summarised in  F ig s ,  3 and 4 ,  Only th o se  a lg ae  ach iev in g  
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The su cc e ss io n  o f  fu co id s  from th e  h ig h -sh o re  H e lv e tia  and Fuous s'piæal'is 
to  th e  low -shore  Fuous s e r ra tu s  and l i t t o r a l  f r in g e  Laminarta d ig t ta ta ,  i s  
ty p ic a l  o f  most s h e l t e r e d ,  rocky shores i n  B r i t a in  (e .g .  Colman, 1939; Lewis, 
1964; Schonbeck and Norton, 1978). The dense fu co id  canopy e f f e c t i v e l y  s t i f l e s  
th e  development o f  u n d e rs to re y  s p e c ie s ,  only Chondrus o r tsp u s , Cladophora 
r u p e s tr ïs  and G ig a rtin a  s t e t t a t a  o c cu r r in g  in  any g r e a t  abundance. Chorudrus 
and Cladophora were a s s o c ia te d  predom inantly  w ith  th e  brown macrophyte 
Asoophyllum» w hile  G igartin a  tended to  c o lo n is e  ( sp a rse ly )  th e  lower sh o re ,  under 
a canopy o f  Fuous s e r r a tu s .  The re d  a lg a ,  Chondrus, was ab sen t l a t e r  i n  th e  
y e a r .  Contrary  to  e x p e c ta t io n s ,  th e  f o l i o s e  ephemeral sp ec ie s  Ulva and 
Enteromorpha were reco rded  only  in  th e  autumn. The dense fu co id  canopy ensured 
th a t  both  sp ec ie s  achieved  only  a sp a r s e  cover i n  the  sample qu ad ra ts  (always 
l e s s  than  te n  p e r c e n t ) .
Of th e  study  m o llu sc s ,  L v tto r in a  ob tu sa ta  achieved th e  w idest  v e r t i c a l  
d i s t r i b u t i o n ,  extending from th e  narrow F e lv e tia  zone, 3.2m above c h a r t  datum, 
to  th e  upper l i m i t s  o f  th e  Lcmrlnar'La zone a t  the  bottom o f  th e  sh o re .  Optimum 
p o p u la t io n  d e n s i t i e s  du rin g  th e  s p r in g ,  occurred  in  th e  Fuous s e r ra tu s  canopy.
In  th e  autumn, peak abundance s h i f t e d  s l i g h t l y  h ig h e r ,  to  th e  Asoophyllum  zone. 
Reimchen (1974) reco rded  optimum d e n s i t i e s  in  th e  Asoophyllum  zone th roughou t 
th e  y e a r .  This was the  only  evidence o f  a seasonal a l t e r a t i o n  to  th e  
d i s t r i b u t i o n  p a t t e r n  o f  any o f  th e  t e s t  s p e c ie s .
As a n t i c ip a t e d  (see  Reimchen, 1974), L -ittorln a  marlae was a s s o c ia te d  
predom inantly  w ith  th e  fu c o id  a lg a  Fuous s e r r a tu s , on ly  t h e  o ccas io n a l  specimen 
appearing  amongst o th e r  sp ec ie s  - u s u a l ly  F, v e s to u lo su s . L. mariae was found 
only r a r e l y  on Asoophyllum  f ronds  even where those  were in  c lo se  a s s o c ia t io n  
w ith  in h a b i te d  p l a n t s .
J u v e n i l e  f l a t  w inkles were abundant along th e  e n t i r e  le n g th  o f  th e  t r a n s e c t  
in  bo th  s p r in g  and autumn. O vera ll  d e n s i t i e s  were markedly h ig h e r  in  the  
autumn, reach in g  a d i s t i n c t  peak a t  1 . 6 - 1 . 8m. above c h a r t  datum ( ju s t  below MTL) 
( c f .  Colman, 1939) .
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The d i s t r i b u t i o n  o f  th e  common w inkle , L it to r in a  t i t t o r e a ,  corresponded 
c lo s e ly  to  t h a t  o f  L. ohtuBata b u t was c u r t a i l e d  downshore, ve ry  few specimens 
o ccu rr ing  below th e  lower l im i t  of AsoophyVUm d i s t r i b u t i o n .  Optimum abundance 
was achieved in  th e  upper AsoophyVlym zone, around 2 .4 - 2 .7m. above c h a r t  datum 
( j u s t  below MHWN) .
N e ithe r  FateVta  nor Aamaea achieved h igh  p o p u la t io n  d e n s i t i e s  a t  B u tte r  
Lump. F a te tta  tu lg a ta ,  however, was c h a r a c te r i s e d  by a f a i r l y  wide v e r t i c a l  
d i s t r i b u t i o n ,  rang ing  from th e  F e tv e tia  zone down to  MLWN. Aamaea d isp lay ed  
th e  ty p ic a l  d i s t r i b u t i o n  o f  a low shore  and s u b - l i t t o r a l  s p e c ie s ,  ex tending  up 
to  approxim ate ly  1.8m. above c h a r t  datum ( j u s t  below MTL), bu t on ly  under dense 
fu co id  cover. F a te tta  aspera  was n o t  reco rded  a t  B u tte r  Lump.
2 .2 .5 .  D iscussion
F ig s .  3 and 4 i l l u s t r a t e  the  c l a s s i c a l  success ion  o f  a l g a l  sp ec ie s  from 
upper to  lower sho re . The zonation  o f each sp ec ie s  f a l l s  w i th in  th e  l im i t s  
re c o rd ed  by C lok ie  and Boney (1979) and corresponds c lo s e ly  to  th e  o b se rv a t io n s  
made by Schonbeck and Norton (1978) on s im ila r  shores on th e  I s l e  o f  Cumbrae.
Zonation i s  p robab ly  more c l e a r l y  d e l in e a te d  in  th e  l i t t o r i n i d s  than  in  any 
o th e r  group o f  i n t e r t i d a l  g a s tro p o d s .  The common w inkle  i s  g e n e r a l ly  co n s id e red  
to  occupy th e  b ro a d e s t  zone ( e .g .  Newell, 1958a). F r e t t e r  and Graham (1962) 
recorded  a d i s t r i b u t i o n  rang ing  from HWNT to  ELWST, w hile  Moore (1937), Newell 
(1958a) and A llen  (1962) d e sc r ib e d  an i n t e r t i d a l  range  ex tending  down to  the  
Laminaria zone and in to  th e  s u b - l i t t o r a l .  At B u tte r  Lump, d i s t r i b u t i o n  was 
c u r t a i l e d  downshore, remarkably few specimens appearing  in  th e  Fuous se rra tu s  
zone below 1.6m. There was no obvious change in  substra tum  o r  th e  a v a i l a b i l i t y  
of s u i t a b l e  m ic ro h a b i ta ts  to ex p la in  th e  s p a r s i t y  o f  common w inkles a t  t h i s  l e v e l .
I t  i s  i n t e r e s t i n g  t o  n o te  t h a t  no seaso n a l  change in  d i s t r i b u t i o n  was 
reco rded  a t  t h i s  s i t e  and t h a t  th e r e  was no evidence to  su g g es t  an in f lu x  of 
ju v e n i l e  common w ink les  low down th e  shore  in  A p r i l ,  d e s p i t e  E lm h i r s t 's  (1923) 
a s s e r t i o n  th a t  young appeared  abundantly  during  t h i s  month. E lm h ir s t 's
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o b se rv a t io n s ,  though made a t  M i l lp o r t ,  were l a t e r  d isp u te d  by Moore (1937),
As reg a rd s  th e  f l a t  w in k les ,  Reimchen (1974) s t a t e s  t h a t  th e  two s i b l in g  
sp ec ie s  occur a t  e s s e n t i a l l y  d i f f e r e n t  le v e l s  on th e  shore  bu t  w ith  a zone o f 
o v e r la p .  This s tudy  sugges ts  t h a t ,  r a t h e r  than  occupying d i s t i n c t  b u t  o v e r ­
lapp ing  bands, th e  d i s t r i b u t i o n  o f  L it to r in a  mariae i s  simply more r e s t r i c t e d  
than  t h a t  o f  L. o b tu sa ta .  At l e a s t  in  th e  sp r in g ,  th e  l a t t e r  sp ec ie s  occurred  
everywhere t h a t  L. m ariae was found, ex tending  w ell below th e  lower l im i t s  o f  
d i s t r i b u t i o n  reco rded  by Reimchen and by Sacchi (19 6 9 a) . L itto r in a  o b tu sa ta  
a lso  extended up th e  sh o re  to  th e  top o f  th e  F e lv e tia  zone - w ell beyond MHWN, 
which Reimchen co n s id e red  to  be th e  upper l im i t  o f  th e  s p e c ie s .  Colman (1939) 
and Bakker (1959) a l s o  found t h a t  th e  F e tv e tia  zone was beyond th e  f l a t  w inkle  
range . This unusual e x ten s io n  o f  th e  range  a t  B u t te r  Lump occurs  in  s p i t e  o f  
th e  s h e l t e r e d  n a tu re  o f  t h e  s i t e  which p re c lu d es  th e  p o s s i b i l i t y  o f  a wide 
s p la s h  zone.
The d i s t r i b u t i o n  o f  L it to r in a  mariae concurs w ith  th e  d i s t r i b u t i o n  recorded  
by Reimchen (1974) on s h e l t e r e d  sh o re s .  In  a b ro a d e r  c o n te x t ,  th e  c lo se  l i n k  
between L. mariae and Fuous se r ra tu s  sugges ts  th e  p o s s i b i l i t y  t h a t  i n t e r t i d a l  
in v e r t e b r a te s  may be confined  to  p a r t i c u l a r  l e v e l s  on th e  sh o re ,  no t by t h e i r  
degree o f  to le r a n c e  towards p h y s ic a l  extremes b u t  r a t h e r  by b eh av io u ra l  adap­
t a t i o n s  in  re sponse  to  t h e  p resence  o f  a favoured m ic ro h a b i ta t  or p r e f e r r e d  food 
(see  Underwood, 1979),
The r e s t r i c t e d  d i s t r i b u t i o n  of Aomaea te s s u ta ta  confirm s th e  poor a d a p ta t io n  
o f  th e  sp ec ie s  to  l i f e  i n  th e  i n t e r t i d a l .  High on th e  sh o re ,  th e  d e l i c a t e  
c tenidiura would undoubtedly  s u f f e r  s e v e re  damage from th e  e f f e c t s  of d e s ic c a t io n .
The r e l a t i v e  s p a r s i t y  o f  the  p a t e l l i d  p o p u la t io n  a t  B u t te r  Lump, accords 
w ith  th e  o b se rv a t io n s  o f  F i s c h e r - P i e t t e  (1948) and Jones (1948) who m ain ta ined  
t h a t  abundance d e c l in e d  as a lg a l  cover in c re a s e d ,  F i s c h e r - P i e t t e  f e l t  t h a t  th e  
fu co id  canopy p robab ly  p rov ided  a mechanical b a r r i e r  to  th e  s e t t le m e n t  o f  s p a t .
While n o t p re s e n t  in  l a rg e  numbers, F a te tta  vu tg a ta  does ach ieve  a r e l a t i v e l y  
wide d i s t r i b u t i o n .  However no specimens were recorded  below MLWN, d e s p i t e  
F r e t t e r  and Graham's (1962) reco rd s  o f  dense p o p u la t io n s  down to MLWS and J o n e s '
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(1948) a s s e r t i o n  t h a t  maximum p o p u la t io n  d e n s i t i e s  occu rred  a t  LWN on th e  I s l e  
o f  Man (see  a ls o  Southward, 1953). As B u tte r  Lump i s  a w e ll  s h e l t e r e d  s i t e ,  
F a te tta  i s  a lso  uncommon above MHWN (see  Evans, 1947b).
O bservations on th e  d i s t r i b u t i o n  o f  h e rb iv o re s  a t  low t i d e  do no t 
n e c e s s a r i ly  g iv e  any in d ic a t io n  o f  food p r e f e r e n c e s . A ctive  fo rag in g  a t  low 
t i d e  i s  r e l a t i v e l y  r a r e  (see  C hapter 3) and i t  is  p o s s ib le  t h a t  th e  m ic ro ­
d i s t r i b u t i o n  o f  r e s t i n g  and feed in g  s n a i l s  may not correspond  (see  S ec t io n  2 .3 ) .  
N ev er th e le ss ,  gas tropod  g ra z e rs  a re  r e l a t i v e l y  immobile and d i s t r i b u t i o n  a t  low 
t i d e  w i l l  g ive  some in d i c a t i o n  o f  th e  range o f  p o t e n t i a l  m acroalgal foods 
a v a i l a b l e .
The f l a t  w inkles a re  known to  fo rag e  predom inantly  on t h e  fronds o f  th e  
fuco id  a lg a e  ( e .g .  Van Dongen, 1956; Bakker, 1959; F r e t t e r  and Graham, 1962; 
Reimchen, 1974). The r e s t r i c t e d  d i s t r i b u t i o n  o f  L it to r in a  m ariae  i s  such t h a t  
th e  sp ec ie s  w i l l  encounter  on ly  two canopy-forming a lg ae  - Fuous se rra tu s  and 
Asoophyttum  - w ith  any degree o f  r e g u l a r i t y .  In  c o n t r a s t ,  bo th  L itto r in a  
o b tu sa ta  and L. t i t t o r e a ,  can be expected to  encounter the  e n t i r e  range  of 
i n t e r t i d a l  fu co id s  and might t h e r e f o r e  d is p la y  a more c a th o l i c  d i e t .
I f  food i s  a l im i t in g  f a c t o r  and i f  t h e  feed ing  p re fe re n c e s  o f  th e  th re e  
l i t t o r i n i d s  co rrespond , L, t i t t o r e a  and L. o b tu sa ta  w i l l  compete on th e  mid- 
and u p p e r-sh o re ,  w h ile  L. o b tu sa ta  and L. mariae would compete lower down the  
sh o re .  Ifowever n iche  s e p a r a t io n  between L it to r in a  t i t t o r e a  and L. o b tu sa ta  i s  
l i k e l y  to  reduce  any p o te n t i a l  co m p eti t io n  (see  S e c t io n  2 .3 ) .  The e c o lo g ic a l  
s ig n i f i c a n c e  o f  co m p e ti t io n  between L. ob tu sa ta  and L, mariae i s  p robab ly  
minimal, as a lg a l  biomass i n  th e  more s t a b l e  environment o f  th e  lower sh o re  i s  
e s p e c ia l l y  h ig h .
Although Chondrus s e a s o n a l ly ,  and Ctadophora and G ig a r tin a , were the  only 
abundant u n d e rs to re y  macrophytes re c o rd ed ,  i t  i s  p o s s ib le  t h a t  a  bloom o f  
ephemeral green a lg ae  {Utva and Enteromorpha) may appear in  th e  e a r ly  summer and 
p rov ide  a p o t e n t i a l  food sou rce  f o r  s e v e ra l  months. Utva  a lso  occurs  w ith in  
th e  fu co id  canopy as an ep ip h y te  and may be a v a i l a b le  to  th o se  sp ec ie s  fo rag in g  
w i th in ,  r a t h e r  th an  under,  th e  canopy. However th e  growth o f  ephemeral green
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a lg ae  i s  pa tchy  on many shores  and th e se  sp ec ie s  may on ly  be a v a i l a b le  very  
l o c a l ly  as a food sou rce .
Both sp ec ie s  o f  l im p e t  fo rag e  predom inan tly  on th e  rock s u r fa c e  and 
consequently  macroalgae w i l l  be o f  secondary importance as a food so u rce ,  to  
th e  d ia tom s, m ic roa lgae  and a lg a l  germlings which comprise th e  m ic ro f lo ra .  
I n t e r s p e c i f i c  co m p eti t io n  may occur between th e  two lim p e ts  on th e  low shore  
and between F a te tta  and th e  common w inkle  on th e  m id -sh o re .
2 .3 .  M ic r o d is t r ib u t io n  o f  l i t t o r i n i d s
The in v e s t i g a t i o n  o f  v e r t i c a l  zonation  has shown th e  common w inkle  to  
c o - e x is t  w ith  th e  f l a t  w inkle  over i t s  e n t i r e  i n t e r t i d a l  ra n g e .  To avoid 
co m petit ion  f o r  space and food between two abundant and v o rac io u s  h e rb iv o re s ,  
some form o f  n iche  s e p a r a t io n  may be  a n t i c ip a t e d .
In t h i s  s e c t io n  th e  m ic r o d i s t r ib u t io n  o f  th e  f l a t  w inkle  and th e  common 
winkle a t  B u tte r  Lump i s  examined and compared.
2 .3 .1 .  Methods
Specimens sampled a t  low t i d e  were c l a s s i f i e d  accord ing  to  a c t i v i t y  and 
p o s i t i o n .  S n a i ls  o ccu rr in g  on th e  a lg a l  t h a l l u s  and v i s i b l e  w ithou t p r i o r  
d is tu rb a n c e  o f  th e  fronds  were a l lo c a te d ,  to  th e  ca teg o ry  "upper t h a l l u s " .  
Specimens r e s t i n g  o r  c raw ling  on th e  t h a l l u s ,  bu t v i s i b l e  only  a f t e r  d is tu rb a n c e  
of th e  upper f ro n d s ,  were c l a s s i f i e d  "lower t h a l l u s " .  The le v e l  o f  a c t i v i t y  
on hidden fronds may be u nde res tim ated  to  some e x te n t ,  as a degree o f  d is tu rb a n c e  
was n e cessa ry  to  observe  covered in d iv id u a l s  and th i s  alm ost c e r t a i n l y  prompted 
a c e s s a t io n  o f  a c t i v i t y  and withdrawal o f  head and t e n t a c l e s  by some specimens.
No a ttem pt was made to  d i s t in g u i s h  between th e  two sp ec ie s  o f  f l a t  w inkle .
M ic ro d is t r ib u t io n  was a lso  a ssessed  a f t e r  10-15 minutes submersion by a 
r i s i n g  t i d e .  Under th e se  c o n d i t io n s ,  however, i t  was p o s s ib l e  on ly  to  re c o rd  
a c c u r a te ly ,  th e  p o s i t i o n  o f  th e  s n a i l s .
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2 .5 .2 .  R esu lts
The r e s u l t s  a re  summarised in  Tables 4 -6 .  At low t i d e  th e  m a jo r i ty  o f  
common w inkles  - bo th  a c t iv e  and in a c t iv e  specimens - were found on th e  rock 
s u r f a c e .  A tendency to  agg reg a te  in  damp, s h e l t e r e d  c re v ic e s  was p re v a le n t ,  
p a r t i c u l a r l y  where a lg a l  cover was s p a r se .  Very few in d iv id u a ls  were found 
amongst th e  a lg a l  f r o n d s .  This t r e n d  was rev e rsed  f o r  th e  f l a t  w inkle ,
Table 4. M ic r o d is t r ib u t io n  o f  Lit-borina H tto r e a  a t  low t i d e .
D is t r i b u t io n  on a v a i l a b le  s u b s t r a t a  (%) 
Upper t h a l l u s  Lower t h a l l u s  Rock
N
A ctive  specimens 





Table 5 . M ic r o d is t r ib u t io n  of f l a t  w inkles  a t  low t i d e .
D i s t r i b u t io n  on a v a i l a b le  s u b s t r a t a  (%)
Upper t h a l l u s  Lower th a l l u s Rock
N
A ctive  specimens 







Table 6. M ic r o d is t r ib u t io n  o f  l i t t o r i n i d s  fo llow ing  submersion,
D i s t r ib u t io n  (%) 
Seaweed Rock
N
L itix frina  t i t t o r e a  








most specimens in h a b i t in g  th e  a lg a l  t h a l l u s  i t s e l f .  During emersion, a high 
p ro p o r t io n  o f  f l a t  w inkles took  advantage o f  th e  s h e l t e r  o f f e r e d  by th e  seaweed 
cover , c raw ling  o r r e s t i n g  in  th e  i n t e r i o r  o f  th e  a lg a l  clumps and avo id ing  the  
exposed upper f ro n d s  ( c f .  W ieser, 1952).
Following subm ersion, the  d i s t r i b u t i o n  o f  both sp ec ie s  remained fundam entally  
th e  same, a lthough  th e  p ro p o r t io n  of common winkles w i th in  th e  canopy showed an 
in c re a s e  (see  a lso  F ig . 5) .
2 .5 .5 .  D iscuss ion
The r e s u l t s  i n d i c a t e  a h igh  degree  o f  n iche s e p a r a t io n  between f l a t  w inkle 
and common w in k le .  The f l a t  w inkle  i s  predom inantly  an in h a b i t a n t  of th e  a lg a l  
canopy, w hile  b o th  a c t i v e  (= fo rag in g )  and in a c t iv e  common w inkles  occur most 
abundantly  on the  rock  su r fa c e  ( c f .  Hagerman, 1966). This su g g es ts  t h a t  n ich e  
s e p a r a t io n  where th e  sp ec ie s  c o - in h a b i t  th e  same s i t e ,  may in v o lv e  d i f f e r e n c e s  in  
fo rag ing  s t r a t e g y  as w ell as d i f f e r e n c e s  in  m ic ro h a b i ta t  p re fe re n c e .  Never­
t h e l e s s ,  t h e  r e s u l t s  a lso  in d ic a te  a l im i te d  m ig ra t io n  o f  common w inkles from 
substra tum  to  a lg a l  t h a l l u s  c o in c id e n t  w ith  immersion and i t  th e r e f o r e  seems 
l i k e l y  t h a t  a t  l e a s t  some common winkles w i l l  fo rage  s id e - b y - s id e  w ith  L i t to r in a  
o b tu sa ta  and o c c a s io n a l ly  L. m ariae, a t  high t i d e .
A marked seasonal change in  th e  m ic r o d i s t r ib u t io n  o f  the two f l a t  w inkles
occurred  a t  a l l  s i t e s  i n v e s t ig a te d  (both s h e l t e r e d  and exposed). During th e
w in te r  months (October/November - l a t e  March) a m ig ra t io n  from th e  canopy to  th e
substra tum  tak es  p l a c e ,  p o t e n t i a l l y  b r in g in g  th e  f l a t  w inkles  in to  d i r e c t
com petit ion  w ith  th e  ro ck -d w e ll in g  common w inkle  f o r  a l im i t e d  p e r io d  o f  t im e .
However, tem p e ra te -w a te r  l i t t o r i n i d s  a re  thought to  become l a r g e ly  i n a c t iv e  and
to  feed  l i t t l e  - i f  a t  a l l  - during  th e  w in te r  (Newell, 1958b; F r e t t e r  and
Graham, 1962; Hawkins and H a r tn o l l ,  1983). Working w ith  th e  t ro c h id  h e rb iv o re ,
Melagraphia a e th io p s ,  Z e ld is  and Boyden (1979) found a 60% d ec rea se  in  r a d u la r
ra sp in g  r a t e  in  w in te r - a c c l im a t i s e d  specimens and a r e d u c t io n  o f 71% in  f i e l d
craw ling  r a t e s .  Hence i f  com petit ion  does occur between L. t i t t o r e a  and the  
f l a t  w in k le s ,  i t  w i l l  be p redom inantly  f o r  s h e l t e r  and no t fo r  food.
Fig" 5 . Common winkles foraging in  fucoid canopy on r is in g  t id e
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CHAPTER 5 : BEHAVIOURAL STUDIES
The d i s t i n c t i v e  zonation  o f  sh o re -d w ell in g  organisms has in t r ig u e d  
e c o lo g i s t s  f o r  many y e a r s .  S ev e ra l  a t tem p ts  have been made to  e x p la in  
i n t e r t i d a l  d i s t r i b u t i o n  p a t t e r n s  on th e  b a s i s  o f  simple behav iou ra l  re sponses  
to  p h y s ic a l  environm ental f a c t o r s .  F ra e n k e l ’s (1927) d e s c r ip t i o n  o f  responses  
to  l i g h t  and g r a v i ty  by L'ittor^na nei“it<yides i s  an e a r ly  example. More 
r e c e n t ly ,  Newell (1958 b ,c )  accounted f o r  th e  observed d i s t r i b u t i o n  p a t t e r n s  
o f  th e  common w inkle  in  terms o f  geo- and p h o t o - t a c t i c  re sp o n se s .
The r o le  o f  g e o ta x i s  as a behav iou ra l cue i s  w ide ly  re co g n ised . Under 
c e r t a i n  c ircum stances  th e  response  to  g r a v i ty  may o v e r r id e  any d i r e c t i o n a l  
response  to  l i g h t  by i n t e r t i d a l  gastropods (Underwood, 1979) . B r i t i s h  sp ec ie s  
o f  p e r iw in k le  a r e  known to  d i s p la y  n e g a t iv e  g eo tax is  and t h i s  i s  thought to  
perm it the  r e -e s t a b l i s h m e n t  o f  zona tion  amongst d isp la ce d  specim ens. There 
i s ,  however, c o n s id e ra b le  con fu s io n  over th e  p re c i s e  r o l e s  o f  b o th  geo- and 
p h o to - ta x is  i n  th e  d e te rm in a t io n  o f  zona tion  p a t t e r n s .
Responses to  c u r r e n t  and wave d i r e c t io n s  have a lso  been proposed as 
b eh av io u ra l  mechanisms p e rm i t t in g  th e  maintenance o f  s e t  d i s t r i b u t i o n  p a t t e r n s .  
However, as Underwood (1979) re c o g n ise s ,  th e r e  i s  no convincing  evidence to  
sugges t t h a t  any o f  th e  s im p l i f i e d  p a t t e r n s  o f  re sponse  which have been 
d esc r ib ed  can ad eq u a te ly  account f o r  the  observed zonation  o f  a sp e c ie s ,  o r  
indeed i t s  subsequent m aintenance. N ew ell 's  (1958b) " l ig h t-co m p ass"  r e a c t io n  
f o r  example, though w idely  quoted in  th e  l i t e r a t u r e ,  can be d ism issed  as i t  i s  
q u i t e  c l e a r l y  based on a number o f  f a l s e  premises (see  Underwood, 1979) .
N e v e r th e le s s ,  i t  i s  l i k e l y  t h a t  v e r t i c a l  d i s t r i b u t i o n  p a t t e r n s  a re  
m ain ta ined  l a r g e ly  by b eh av io u ra l  responses  - however complex - t o  environmental 
v a r i a b l e s .  A d d i t io n a l ly ,  o r i e n t a t i o n  by means o f  mucus t r a i l s  may make an 
im portan t c o n t r ib u t io n  to  the  maintenance o f  zo n a tio n .  For locomotory purposes 
i t  i s  p robab ly  o b l ig a to r y  f o r  s n a i l s  to d e p o s i t  mucus (Townsend, 1974) and 
consequen tly  th e  in fo rm a tio n  p re s e n t  in  the  t r a i l  may be  o f  on ly  secondary
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im portance. N e v e r th e le s s ,  where p o p u la t io n  d e n s i t i e s  a re  h igh , fo rag in g  
in d iv id u a ls  w i l l  f r e q u e n t ly  encoun te r  mucus t r a i l s  du ring  feed in g  ex cu rs io n s .  
Townsend has shown t h a t  th e  f re sh w a te r  pulm onate, BiomphataT'ia g la b ra ta ,  tu rn s  
towards mucus t r a i l s  a f t e r  making c o n ta c t  and t h e r e a f t e r  spends more time in  
c o n ta c t  w ith  th e  t r a i l  th an  expected by chance. These r e s u l t s  a re  supported  
by th e  o b se rv a t io n s  o f  D.P. Cheney (unpub 1 . d a ta )  working w ith  L'Cttorina 
I'it'borea* C onsequently , mucus t r a i l  fo llow ing  may p la y  a major r o l e  in  th e  
fo rm ation  of ag g reg a te s  i n  g reg a r io u s  s p e c ie s .  Perhaps more im portan t,  
however, i t  may c o n t r ib u te  to  t h e  m aintenance o f  zona tion  p a t t e r n s  by c o n t in u a l ly  
drawing fo rag in g  s n a i l s  back towards th e  c e n t r e  o f  p o p u la t io n  d e n s i t y .
I n e v i t a b ly ,  s tu d ie s  o f  g as tro p o d  movement i n  r e l a t i o n  to  zo n a tio n  a re  
concerned p r im a r i ly  w ith  resp o n siv en ess  to  d i r e c t io n a l  s t i m u l i .  S im i la r ly ,  
optim al fo rag in g  th e o ry  p la c e s  the  major emphasis on th e  l o c a t io n  o f  p o t e n t i a l  
food item s and hence aims to  p r e d i c t  th e  d i r e c t i o n  tak en  during  feed ing  
e x c u r s io n s . However, fo rag in g  (and consequently  feed in g )  occup ies  only  a 
sm all p a r t  o f  d ay -to -d ay  e x is te n c e  in  th e  i n t e r t i d a l  environment. Much time 
is  spen t r e s t i n g  o r  s h e l t e r i n g  from environmental extremes and feed ing  
excu rs ions  may occur on ly  i n f r e q u e n t ly .  As a r e s u l t ,  some form o f  p re l im in a ry  
s t im u lus  i s  r e q u ire d  to  i n i t i a t e  a c t i v i t y  b e fo re  d i r e c t io n a l  s t im u l i  can take  
e f f e c t .
Many workers c o n s id e r  gastropod  a c t i v i t y  to  be r e s t r i c t e d  l a r g e ly  to  
p e r io d s  of submergence a t  h igh  t i d e .  K i t t in g  (1979, 1980) s t a t e s  th a t  th e  
p l a t e  l im p e t ,  Aomaea soutrni feeds  only  when submerged, s to p p in g  feed ing  w hile  
awash, even during  th e  b r i e f  p e r io d s  between su c c e ss iv e  w aves. S im i la r ly ,
Branch (1976) found th a t  P a te lla  long-ioosta  and P. ooutus remained in a c t iv e  a t  
low t i d e ,  commencing feed ing  on th e  incoming t i d e .  Various o th e r  sp ec ie s  o f  
l im p e t ,  however, w i l l  co n tin u e  to feed  a t  low t i d e  i f  th e  substra tum  r e t a i n s  
a f i lm  o f  m o is tu re  ( K i t t in g ,  1979; Hawkins and H a r tn o l l , 1983).
L i t t o r i n i d  fo ra g in g  i s  thought to  be r e s t r i c t e d  p redom inantly  to  p e r io d s  
o f  submersion (Underwood, 1979) . Wieser (1952) sugges ted  t h a t  f l a t  w inkle
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movements were synchronous w ith  th e  r i s e  and f a l l  o f  t h e  t i d e ,  w h ile  Newell 
e t  a t ,  (1971) and Lubchenco (1978) observed  a s im i la r  rhythm in  common w inkle 
a c t i v i t y .  Foraging under s u i t a b l e  c o n d i t io n s  a t  low t i d e  has been recorded  
o c c a s io n a l ly  by Newell e t  a t ,  (1971) and w ith  g r e a t e r  frequency  by Thandrup 
(1935). Newell (1958b) a c tu a l ly  cons ide red  th e  re c ed in g  t i d e  to  a c t i v a t e  
r e s t i n g  w in k le s .
D iurnal cy c le s  i n  feed in g  a c t i v i t y  c o in c id e n t  w ith  changes in  l i g h t  
i n t e n s i t y  have a lso  been observed . Evans (1965) r e p o r te d  t h a t  l i g h t  was o f  
major importance as a b eh av io u ra l  cue t o  L itto r in a  nev'itO'Cdes^ L, s a x a ti- tts  and 
"L. t i t t o r a l t s ’^  This was confirmed fo r  the  two s ib l i n g  f l a t  w inkles  by 
Reimchen (1974) who found th a t  th e  m a jo r i ty  o f  specimens were a c t i v e  a t  n ig h t ,  
r e g a rd le s s  o f  t i d a l  l e v e l .  D esp ite  th e  l a r g e ly  s u b - l i t t o r a l  range o f  the  
lim pe t Aomaea V'ùrg'inea, C lok ie  and Norton (1974) d e te c te d  a v e ry  marked d iu rn a l  
behaviour in  t h i s  s p e c ie s ,  to o ,  w ith  fo rag in g  once again  o c cu r r in g  predom inantly  
a t  n ig h t .  S u r p r i s in g ly ,  th e  c lo s e l y - r e l a t e d  Aomaea te s s u ta ta  - a sp ec ie s  more 
common in  the  i n t e r t i d a l  - d id  no t e x h ib i t  d iu rn a l  behav iour .
A number o f  workers have suggested  t h a t  rhy thm ica l a c t i v i t y  may be endo­
genous and n o t ,  i n  f a c t ,  induced d i r e c t l y  by environmental f a c to r s  ( e .g .  F r e t t e r  
and Graham, 1967; Newell e t  a t . ^  1971). Thain (1971) found t h a t  L itto T in a  
titto io ea  and Gihhuta spp. r e t a in e d  th e  a c t i v i t y  rhythm d is p la y e d  on th e  shore , 
when t r a n s f e r r e d  to  l a b o ra to ry  a q u a r ia  under c o n s ta n t  i l lu m in a t io n .  S im ila r ly  
Sandeen e t  a t ,  (1954) no ted  t h a t  th e  d iu r n a l  and t i d a l  rhythms o f  L. t' itto v e a  
and Urosat'p'inx O'Cnerea were p e r s i s t e n t  under a r t i f i c i a l  c o n d i t io n s .
A comprehensive survey o f  o b se rv a t io n s  on th e  tim ing  o f  gastropod  fo rag in g  
i s  p re se n te d  in  t a b u la r  form by Hawkins and H a r tn o l l  (1983) .
In  t h i s  c h a p te r  l i t t o r i n i d  response  to  th e  p o t e n t i a l  environm ental s t im u l i  
o f  im m ersion/em ersion and changing l i g h t  i n t e n s i t y  a re  examined in  th e  f i e l d  
and under c o n t r o l le d  c o n d i t io n s  in  th e  la b o ra to ry .
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3 .1 . Methods
3 .1 .1 .  Laboratory  s tu d ie s
A ll  experim ents were c a r r i e d  o u t  in  a simple "s im u la ted  t i d e  tan k " .
This comprised a shallow  perspex  tank  approxim ately  37 cm. long by 26 cm. 
wide, w ith  a dep th  o f  4 cm. An i n l e t  p ipe  a t  one end was connected by a 
le n g th  o f  tu b in g  to  a carboy c o n ta in in g  seaw ater .  A ta p  on th e  carboy 
p e rm it te d  c o n tro l  over th e  r a t e  o f  in f lo w , w hile  an o u t l e t  in  th e  base o f  
th e  tank  enabled w a te r  t o  be d ra in ed  as re q u i re d .  The l i d  was r a i s e d  by 
approx im ate ly  4 mm. to  a llow  adequate  a i r  c i r c u l a t i o n  and was marked w ith  a 
numbered g r id  o f  cm. s q u a re s .
The g r id  was used  to  a sse ss  movement o f  specimens th ro ughou t th e  
experim ents, avo id ing  th e  time-consuming and ted io u s  p rocedure  o f  re c o rd in g  
exac t p a th s .  In e c o lo g ic a l  a p p l i c a t io n s  o f  t h i s  n a tu re  th e  g r id  method i s  
f r e q u e n t ly  u sed , as i t  i s  o f te n  f e a s i b l e  to  count th e  number o f  squares  
t r a v e r s e d  bu t no t to  r e c o rd  p r e c i s e  movements.
In  a l l  experim en ts ,  s n a i l s  were used  w ith in  1-2 days o f  c o l l e c t i o n  on 
th e  shore .
a) Response to  im mersion/emersion
The re sponse  to immersion/emersion under " l i g h t "  and "d ark "  regimes was 
t e s t e d  in  th e  s im u la ted  t i d e  ta n k .  The former experim ents were c a r r i e d  o u t  
in  a growth c a b in e t  a t  a  tem pera tu re  o f  c .  10°C and a l i g h t  i n t e n s i t y  o f  
c . 1 .9  W.m ^ . A ll experiments in v o lv in g  a dark  phase , were perform ed a t  room 
tem pera tu re  i n  a dark  room.
To examine re sponse  to  immersion under i l lu m in a t io n ,  th e  f lo o r  o f  th e  
tank  was m oistened w i th  seaw ater  and t e n  specimens (numbered one to  te n  w ith  
w aterp roof w hite  p a in t )  were p laced  randomly in  th e  tank  and allowed to  s e t t l e  
fo r  90 m inu tes .  S ubsequently , th e  p o s i t io n  o f  each s n a i l  r e l a t i v e  to  th e  
numbered g r id  (viewed from d i r e c t l y  above) was reco rd ed  a t  f iv e  minute i n t e r v a l s  
fo r  a p e r io d  o f  60 m inutes . The tank  was then  f looded  and movement was t r a c e d
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f o r  a f u r t h e r  80 m in u te s .  The t r i a l  was rep e a te d  w ith  a f r e s h  b a tc h  o f  
s n a i l s .
Response to  emersion was t e s t e d  in  a s im i la r  manner. A f te r  s e t t l i n g  
f o r  90 minutes in  th e  submerged s t a t e  th e  p o s i t io n s  o f  th e  s n a i l s  were no ted  
over a p e r io d  o f  60 m in u te s . The tank was th en  d ra in ed  u n t i l  empty and 
movement was t r a c e d  f o r  a f u r t h e r  80 m inu tes .
Assessment of a c t i v i t y  under a "dark" regime was fundam enta l ly  th e  same.
To perm it movement to  be observed and recorded  in  th e  d a rk ,  i t  was necessa ry  
to  i l lu m in a te  th e  tank  p e r i o d i c a l l y  w ith  i n f r a - r e d  l i g h t  ( I .R .)  and to  re c o rd  
th e  p o s i t io n  o f  th e  s n a i l s  u s in g  an IR -s e n s i t iv e  v ideo camera (F ig . 6) 
connected to  a video ta p e  re c o rd e r  (F ig . 7 ) .  Tapes were l a t e r  p layed  back 
on a t e l e v i s i o n  m onito r and s n a i l  movement was measured on a g r id  covering  
th e  s c ree n .
The camera, ta p e  re c o rd e r  and IR so u rces ,  were c o n t r o l l e d  by an au tom atic  
t im e r ,  o p e ra t in g  f o r  e ig h t  seconds a t  f iv e  minute i n t e r v a l s .  The two IR l i g h t
sources  comprised lOOW tu n g s te n  f i lam e n t  bulbs w ith  p l a s t i c - b a s e d  cinemoid 
f i l t e r s  ( th re e  g reen , th r e e  b lu e ,  th r e e  r e d ) .  The s h o r t  d u ra t io n  o f  
i l lu m in a t io n  se rv ed  to minimise any u n d e s i r a b le  e f f e c t  on b eh av io u r ,  a lthough  
th e r e  appeared to be no response  to IR i r r a d i a t i o n  du ring  p re l im in a ry  t r i a l s .
b) Response to  changing l i g h t  i n t e n s i t y
The response  to changes in  l i g h t  i n t e n s i t y  was a sse s s e d  f o r  bo th  submerged 
and emersed specimens. The in c id e n t  l i g h t  i n t e n s i t y  was a l t e r e d  u s in g  a v a r i a c  
(v a r ia b le  t ran s fo rm er)  o p e ra ted  m anually . Each t r i a l  comprised th re e  d i s t i n c t  
phases: an i n i t i a l  l i g h t  o r  dark  phase , a phase o f  d ec rea s in g  o r  in c re a s in g
l i g h t  i n t e n s i t y ,  and a subsequent dark o r  l i g h t  phase. In a l l  experim ents 
th e  maximum l i g h t  i n t e n s i t y  du rin g  th e  l i g h t  phase was approx im ate ly  6 .0  W.m"^.
The s im u la ted  t i d e  tan k  was i l lu m in a te d  w ith  i n f r a - r e d  l i g h t  a t  f i v e  m inute 
i n t e r v a l s  during  th e  da rk  phase o f  each t r i a l  and s n a i l  movements were recorded  
f o r  a n a ly s is  on th e  video tap e  r e c o rd e r  (as above). The IR l i g h t  sources were
Fig. 6 . IR -se n s it iv e  video camera recording sn a il  movement in  
behavioural experiments. P icture a lso  shows IR and 







disconnec ted  d u r in g  th e  l i g h t  p h ase .
P r io r  to  each experiment th e  t r i a l  specimens were p e rm it te d  to s e t t l e  fo r  
90 m inu tes .  A c t iv i ty  was then  recorded  during  th e  i n i t i a l  l i g h t / d a r k  phase 
f o r  60 m inu tes .  Recording con tinued  as th e  l i g h t  i n t e n s i t y  decreased  g ra d u a l ly  
to  n i l  o r  a l t e r n a t i v e l y  in c re a se d  to  maximum i l lu m in a t io n .  F in a l ly ,  a c t i v i t y  
was a sse ssed  over a f u r t h e r  80 minutes in  th e  d a r k / l i g h t  ph ase . Each e^gerim ent 
comprised two t r i a l s ,  w ith  two ba tches  o f  t e n  s n a i l s .
3 .1 .2 .  F ie ld  s tu d ie s
Response to  im m ersion/em ersion was a sse ssed  in  th e  f i e l d  f o r  comparison 
w ith  la b o ra to ry  r e s u l t s .  The l e v e l  o f  l i t t o r i n i d  a c t i v i t y  a t  low t i d e  was a lso  
examined. A ll o b s e rv a t io n s  were made a t  B u tte r  Lump, I s l e  o f  Cumbrae.
a) Response to  immersion/emersion
To in v e s t ig a t e  th e  response  o f  th e  common w inkle  to  submergence, sev e ra l  
0.5 m X 0.5 m q u a d ra ts  were p o s i t io n e d  in  th e  upper Asoo-phyttim  zone a t  low 
t i d e .  A c t iv i ty  w i th in  each quad ra t  was recorded  immediately b e fo re  and a f t e r  
f lo od ing  by th e  r i s i n g  t i d e .  O bservations  were re p e a te d  on a reced in g  t i d e  to  
gauge response  to  emersion.
I n i t i a l l y  i t  was in tended  to  r e p e a t  th e se  experim ents w ith  th e  f l a t  w inkle . 
However th e  small s i z e  and canopy-dwelling h a b i t ,  ren d e red  d i r e c t  o b se rv a t io n  
o f  submerged specimens v i r t u a l l y  im p o ss ib le .  C onsequently , a sim ple c o n t ro l le d  
experiment was dev ised  to  a s s e s s  re sponse  to immersion in  th e  f i e l d .  A number 
o f  a lg a l  fronds w ith  a t ta ch e d  f l a t  w in k les ,  were g e n t ly  severed  from th e  p a re n t  
p la n t s  a t  low t i d e  and t r a n s f e r r e d  to  submerged s i t e s .  The le v e l  o f  a c t i v i t y  
was reco rd ed  a f t e r  f i v e  m in u tes .  C ontro l f l a t  w inkles were t r a n s f e r r e d  from 
one exposed s i t e  to  an o th e r .
( )r \ ^  (^y
{—tf l  (  o W t  i 'Y* / r - f r r / c  X
i/y c i 'k  i#  ^c
L  ^ "
y / '^V iK T o irv
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b) A c t iv i ty  a t  low t i d e
The le v e l  o f  a c t i v i t y  in  f l a t  w inkle and conunon w inkle  p o p u la t io n s  was 
examined a t  low t i d e .  Observations were made approxim ately  h a l f  an hour 
and th re e  hours a f t e r  exposure by th e  re c ed in g  t i d e .  C onditions  were mild 
and d ry , bu t o v e r c a s t .
3 .2 .  R esu lts
3 .2 .1 .  Laboratory s tu d ie s
The r e s u l t s  o f  th e  c o n t ro l le d  environment experiments c a r r i e d  ou t  in  th e  
s im u la ted  t id e  tan k  a re  p re s en te d  in  F ig s .  8-15. Mean movement and % a c t i v i t y  
a re  shown f o r  each experim ent.
a) Response to immersion/emersion (F ig s .  8-11)
The l i t t o r i n i d  response  to immersion was marked under bo th  l i g h t  and dark 
reg im es. There was in v a r ia b ly  a d ram atic  in c re a se  i n  a c t i v i t y  e i t h e r  during  
o r immediately fo llo w in g  immersion and t h i s  was r e f l e c t e d  in  both  mean movement 
and % a c t i v i t y .  There was a lso  some in d ic a t io n  o f  a subsequent d e c l in e  in  
a c t i v i t y  45-50 minutes a f t e r  immersion.
The response  to emersion was even more marked, a c t i v i t y  f a l l i n g  r a p id ly  
in  bo th  experiments fo llow ing  d ra inage  o f  th e  ta n k .
b) Response to  changing l i g h t  i n t e n s i t y  (F ig s .  12-15)
In c re a s in g  th e  in c id e n t  l i g h t  i n t e n s i t y  provoked two c h a r a c t e r i s t i c  
responses:  an upsurge  in  a c t i v i t y  c o in c id en t  w ith  in c re a s in g  i n t e n s i t y ;  and 
a ve ry  marked d e c l in e  in  a c t i v i t y  a t  th e  maximum l i g h t  i n t e n s i t y  (6 .0  W.m’ ^ ) .
The former t re n d  was c l e a r c u t  when th e  specimens were submerged (F ig . 12) 
confirm ing N ew ell 's  (1958c) o b se rv a tio n s  b u t  was obscured  to  a c e r t a in  ex ten t  
w ith  emersed specimens (F ig . 13), as th e  o v e ra l l  le v e l  o f  a c t i v i t y  was much lower 
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Fig. 8 Response to immersion (light)
Stippled bar represents immersion, white bar represents emersion
a) Mean movement
b) % activity
Kruskal—Wallis one way analysis of variance reveals significant
variation in mean movement (P<0.001) and in % activity (P<0.001)
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Fig. 9 Response to immersion (dark)
Stippled bar represents immersion, white bar represents emersion
a) Mean movement
b) % activity
Kruskal-Wallis one-way analysis of variance reveals significant
variation in mean movement (0.00KP<0.01) and in % activity
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Fig. 10 Response to emersion (light)
Stippled bar represents immersion, white bar represents emersion
a) Mean movement
b) % activity
Kruskal-Wallis one way analysis of variance reveals significant
variation in mean movement (P<0.001) and in % activity (P<0.CXD1)














10 20 30 40 50 60 70 80 90 100 110 120 130
b. T i m e C m i n e l






2 0 -  
10 -
10 20 30 40 50 60 70 80 90 100 HO 120 130
T im e C m in e ]
Fig. 11 Response to emersion (dark)
Stippled bar represents immersion, white bar represents emersion
a) Mean movement.
b) % activity
Kruskal-Wallis one way analysis of variance reveals significant
variation in mean movement (P<0.001) and in % activity (P<0.001)
over the three phases of the experiment.
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Fig. 12 Response to increasing light intensity (submerged)
Black bar represents dark phase, white bar represents light phase.
a) Mean movement
b) % activity
Kruskal-Wallis one way analysis of variance reveals significant
variation in mean movement (O.CK)1<P<0.01) and in % activity
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Fig. 13 Response to increasing light intensity (emersed)




Kruskal-Wallis one way analysis of variance reveals significant 
variation in mean movement {P<0.001) and in % activity (0.00l< 
P<0.01) over the three phases of the experiment.
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T i m e C m i n e l
FA?' 14 Response to decreasing light intensity (submerged)
Black bar represents dark phase, white bar represents light phase.
a) Mean movement
b) % activity
Kruskal-Wallis one way analysis of variance reveals significant 
variation in mean movement (0.025<P<0.05) over the three phases of 
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Fig. 15 Response to decreasing light intensity (emersed)
Black bar represents dark phase, white bar represents light phase.
a) Mean movement.
b) % activity.
Kruskal-Wallis one way analysis of variance reveals no significant 
variation in mean movement or % activity over the three phases of 
the experiment.
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i n t e n s i t y ,  a l though  some in d ic a t io n  of an in c rease  in  a c t i v i t y  a t  th e  o n se t  of 
th e  dark  phase , was apparen t (F ig s .  14, 15 ).
3 .2 .2 .  F ie ld  s tu d ie s
The r e s u l t s  a re  summarised in  Tables 7-10.
a) Response to im m ersion/em ersion (Tables 7-9)
Immersion i l l i c i t e d  a dram atic  re sponse  from b o th  common and f l a t  w ink les . 
Common w inkle  a c t i v i t y  in c re a s e d  from 1% to  62% w ith in  t e n  minutes o f  submergence 
(Table 7 ) .  S im i la r ly ,  f l a t  w inkles t r a n s f e r r e d  from dry to  submerged s i t e s  
(Table 8 ) ach ieved  a h igh  le v e l  o f  a c t i v i t y  (83%) .
This t re n d  was re v e rs e d  as th e  t i d e  receded , common w inkle  a c t i v i t y  
dropping from 57% (submerged) t o  16% (emersed) over a 15-20 minute tim e in t e r v a l  
(Table 9 ) .
b) A c t iv i ty  a t  low t i d e  (Table 10)
A c t iv i ty  dropped r a p id ly  fo l lo w in g  exposure by th e  re c ed in g  t i d e ,  
e v en tu a l ly  reach in g  2 % (common w inkle) and 15% ( f l a t  w ink le) a f t e r  th r e e  hours 
emersion. F la t  w inkle  a c t i v i t y  was g e n e ra l ly  h ig h e r  than  a c t i v i t y  amongst 
common w in k les .
Table 7 . Response o f  common w inkle  to  immersion by r i s i n g  t i d e .
S ta te  o f  quad ra t______________ N______________ % A c t iv i ty
Uncovered 180 1
Submerged (0-5 mins) 171 44
Submerged (5-10 mins) 169 62
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Table 8 . Response o f  f l a t  w inkle  to  s im u la ted  r i s i n g  t i d e .
N % a c t i v i t y
Control specimens 2 0 0 19
Experim ental specimens 2 0 0 83
Table 9. Response o f  common w inkle  to  emersion by f a l l i n g  t i d
S ta te  o f  q u ad ra t N % a c t i v i t y
Covered 176 57
Uncovered (0-5 mins) 179 2 1
Uncovered (5-10 mins) 184 16
Table 10. Winkle a c t i v i t y  a t  low t i d e .
D ura tion  o f  exposure
% A c t iv i ty  
Common w inkle F la t  w inkle
25-35 mins 8 (N=393) 29 (N=389)
3 hours 2 (N=279) 15 (N=365)
3 .3 .  D iscussion
The r e s u l t s  o f  work in  th e  l a b o ra to ry  and in  th e  f i e l d  pe rm it s e v e ra l  
conclus ions  t o  be drawn re g a rd in g  l i t t o r i n i d  b eh av iou ra l  re sp o n se s :
1) Under c o n t ro l le d  c o n d i t io n s ,  immersion and in c re a s in g  l i g h t  i n t e n s i t y  
s t im u la te  a c t i v i t y .  There i s  a corresponding  in c re a s e  in  a c t i v i t y  
c o in c id e n t  w ith  immersion on th e  shore .
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2) Emersion in  th e  l a b o ra to ry  and in  th e  f i e l d ,  is  fo llow ed by a ra p id  
d e c l in e  in  a c t i v i t y .  There was no evidence to  support N ew ell 's  
(1958b) c o n ten t io n  th a t  emersion a c ts  as a s t im u lu s  to  c raw lin g .
3) A c t iv i ty  remains low during  exposure a t  low t i d e  but does no t cease  
a l to g e th e r .
4) A c t iv i ty  i s  depressed  a t  high l i g h t  i n t e n s i t i e s .
Whether behav iour on th e  sh o re  i s  governed p r im a r i ly  by an endogenous 
rhythm or by environm ental s t im u l i ,  th e  common w inkle  w i l l  respond d i r e c t l y  to  
changes in  environm ental p a ra m ete rs .  Under a r t i f i c i a l l y  c o n t r o l le d  c o n d i t io n s  
in  the  l a b o ra to ry ,  b e h av io u ra l  responses  to  in c re a se s  in  l i g h t  i n t e n s i t y  and to 
th e  w e t t in g /d ry in g  e f f e c t s  o f  im m ersion/em ersion a re  i n c o n t r o v e r t i b l e .
D iurnal a c t i v i t y  has been observed in  many sp ec ie s  o f  i n t e r t i d a l  p ro so b ra n ch s , 
a c t i v e  fo rag in g  o ccu r r in g  predom inantly  during  th e  hours  o f  darkness  ( e .g .  .
C lokie  and Norton, 1974; Reimchen, 1974; Connor, 1975; Branch, 1981). 
Consequently i t  i s  somewhat s u r p r i s in g  to  f in d  no c l e a r c u t  b eh av io u ra l  response  
to  d ecrea s in g  l i g h t  i n t e n s i t y  in  L -itto rïn a  t'ù ttorea*  I f  common w inkle  a c t i v i t y  
does in c re a s e  a t  n ig h t ,  then  th e  s n a i l s  would appear to  be  respond ing  to  an 
endogenous s t im u la n t ,  o r  to tem p era tu re  o r  hum idity  changes and no t p r im a r i ly  to  
l i g h t  i n t e n s i t y  as i s  o f t e n  assumed.
L i t t o r i n i d  a c t i v i t y  undoubtedly  occurs  p redom inantly  when submerged. In  
c o n t ro l le d  experim ents, specimens responded d i r e c t l y  to  immersion and to 
emersion in  the  s im u la ted  t i d e  ta n k .  I t  i s  p o s s ib le ,  however, t h a t  environm ental 
s t im u l i  a re  r e in fo r c e d  i n  th e  f i e l d  (as Sandeen e t  a t ,  (1954) and Thain (1971) 
have suggested) by an endogenous a c t i v i t y  rhythm correspond ing  to  th e  r i s e  and 
f a l l  o f  th e  t i d e .  During la b o ra to ry  experim en ts ,  specimens were f r e q u e n t ly  
observed to u n d e rtak e  excurs ions  w ithout be ing  s u b je c te d  to  any form o f  o u ts id e  
s t im u lu s .  Furtherm ore , th e r e  was a c o n s id e ra b le  degree o f  v a r i a b i l i t y  i n  th e  
o v e r a l l  le v e l  o f  a c t i v i t y  recorded  in  s e p a ra te  t r i a l s  c a r r i e d  o u t  a t  d i f f e r e n t  
t im e s .
Although fo rag in g  i s  most in t e n s iv e  a t  h igh t i d e ,  a c t i v i t y  i s  u n l ik e ly  to  be
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continuous th roughout submergence (see  Barkman, 1955; Newell, 1958b, 1958c). 
Newell (1958b) concluded th a t  common w inkles probably  undertook  feed ing  
excursions  only a t  r e l a t i v e l y  in f r e q u e n t  i n t e r v a l s ,  w h ile  K i t t in g  (1980) found 
th a t  Aomaea soutim  fed  most in te n s iv e ly  during  the  hour immediately fo l lo w in g  
submergence. In t h i s  s tudy  th e r e  was a d i s t i n c t  d e c l in e  in  common winkle 
a c t i v i t y  45-50 minutes a f t e r  immersion in  th e  s im ula ted  t i d e  t a n k .
N e v e r th e le ss ,  t h e  numerous a ttem pts  to  ex p la in  th e  s u rv iv a l  o f  u p p e r-sh o re  
prosobranchs in  term s o f  e le v a te d  ra d u la r  ra s p in g  r a t e s  a re  undoubtedly  prompted 
by th e  assumption t h a t  fo rag in g  is  continuous during  submergence and th a t  upper- 
shore  animals consequen tly  have l e s s  " feed in g  tim e" a v a i l a b l e  during  each t i d a l  
cy c le  than  t h e i r  c o u n te rp a r t s  lower down the  shore  ( e .g .  Newell e t  a t . j  1971). 
However Ze ld is  and Boyden (1979) found t h a t  d i f f e r e n c e s  in  submergence time 
were balanced  n o t  by v a r i a t i o n s  in  ra sp in g  r a t e  bu t by more in te n s iv e  and 
c o n s i s te n t  a c t i v i t y  on th e  upper sh o re .  The r a d u la r  ra sp in g  r a t e  o f  t h e  t r o c h id ,  
Metagvaphia aeth'Ccps, v a r ie d  l i t t l e  over th e  e n t i r e  v e r t i c a l  range  o f th e  s p e c ie s .  
However h igh  shore  specimens fed  f a i r l y  c o n s i s t e n t ly  th ro u g h o u t immersion, w hile  
low-shore M etagvaphia fed  d is c o n t in u o u s ly ,  p e r io d s  o f  rhy thm ica l r a s p in g  
a l t e r n a t i n g  w ith  p e r io d s  o f  qu iescence .
Although fo rag in g  does occur predom inantly  during  h igh  t i d e ,  f i e l d  
o b se rv a t io n s  in d ic a te  some degree o f  a c t i v i t y  during  emersion. The p r e c i s e  
le v e l  o f  a c t i v i t y  may depend l a r g e ly  on th e  p r e v a i l in g  c l im a t i c  co n d i t io n s  and 
th e  degree  o f  s h e l t e r  p rov ided  lo c a l l y  by th e  m ic ro h a b i ta t .  Both Thandrup 
(1935) and Lubchenco (1978) observed common winkles fo rag in g ^ d u rin g  co o l ,  humid 
low t i d e s ,  w hile  K i t t in g  (1979) found Aomaea 'li^matula fe e d in g  in  damp, shaded 
c re v ice s  when exposed to th e  a i r .
The le v e l  o f  a c t i v i t y  a t  low t i d e  was in v a r ia b ly  h ig h e s t  amongst f l a t  
w ink les .  L'lttoTvna o b tu sa ta  and L. marïae bo th  tend  to  m ig ra te  as th e  t id e  
re c e d e s ,  towards th e  c e n t r e  o f  th e  dense fuco id  clumps in  which they a re  
h a b i tu a l ly  found (p e r s .  o b s . ;  W ieser, 1952). In th e  i n t e r i o r  o f  th e  clumps
th e  a lg a l  t h a l l u s  m a in ta in s  a s u r fa c e  f i lm  o f  m o is tu re  f o r  a lo n g e r  p e r io d  o f  
tim e, p e rm it t in g  fo rag in g  t o  co n tin u e  a f t e r  th e  t i d e  has receded .
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CHAPTER 4 : FEEDING
Not a l l  a lg ae  a r e  p o te n t i a l  food f o r  a l l  herb ivo rous  m o llu scs . What can 
and cannot be consumed w i l l  be determined u l t im a te ly  by th e  c a p a b i l i t i e s  o f  
th e  feed in g  a p p a ra tu s .  W ithin th e se  l i m i t a t i o n s ,  p re fe re n c e  w i l l  be g iven  to  
th o se  sp ec ie s  and age - c la s s e s  which can be in g e s ted  r e a d i ly .  Consequently , 
c a r e fu l  c o n s id e ra t io n  o f  th e  s t r u c tu r e  and fu n c tio n in g  o f  th e  fee d in g  ap p ara tu s  
i s  e s s e n t i a l  i f  moll u scan food p re fe re n ce s  a re  to  be u n d e rs tood  f u l l y .
The rem arkable  a d ap t iv e  r a d i a t i o n  o f  the Gastropoda, which allows the 
c la s s  to  u t i l i s e  a tremendous v a r i e t y  o f  e c o lo g ic a l  n ic h es  - both a q u a t ic  and 
t e r r e s t r i a l  - i s  based l a r g e ly  on a d a p ta t io n s  to  th e  feed in g  a p p a ra tu s .
Although th e  bucca l mass and th e  r adula  a re  in v a r ia b ly  r e t a in e d ,  the  form and 
fu n c t io n  o f  th e  r ad u la  and a s s o c ia te d  m uscu latu re  is  h ig h ly  p l a s t i c  (Purchon, 
1968). This f a c i l i t a t e s  feed in g  on a wide v a r ie ty  o f  food s u b s t r a t e s  and 
invo lves  numerous ve ry  d i f f e r e n t  feed ing  s t r a t e g i e s ,  rang ing  from h e rb iv o ry  
and p lank ton  fe e d in g ,  to  scavenging and c a m i  very .
Consequently, th e  com position  and s t r u c t u r e  o f  th e  ra d u la  and buccal mass, 
i s  d i r e c t l y  r e l a t e d  to  the  type  o f  food which th e  s n a i l s  consume. This a p p l ie s  
eq u a lly  w e l l ,  though on a d i f f e r e n t  s c a le ,  between two sp e c ie s  o f  h e rb iv o re  as 
between h e rb iv o re  and c a rn iv o re .  Hence th e  s tudy  and comparison o f  r a d u la r  
s t r u c t u r e  and fu n c t io n in g  may y i e l d  v a lu a b le  in fo rm a t io n  re g a rd in g  g raz ing  
c a p a b i l i t i e s  and l i m i t a t i o n s .
Herbivorous m olluscs  feed  in  two fundam entally  d i f f e r e n t  fa s h io n s  (Steneck 
and W atling, 1982) . Feeding may in v o lv e  th e  in g e s t io n  o f  t h e  e n t i r e  food p l a n t  
or i n t a c t  p o r t io n s  o f  th e  p l a n t ,  o r  a l t e r n a t i v e l y ,  th e  evacu a tio n  o f th e  c e l l  
c o n ten ts  w ith  a ra d u la  m odified  f o r  suck ing . Here, we a re  concerned only  w ith  
spec ies  u s ing  th e  ra d u la  t o  in g e s t  a lg a l  t i s s u e  o f  c e l l  s i z e  o r  l a r g e r .  The 
ch ap te r  w i l l  review r a d u la r  s t r u c t u r e  and fu n c t io n in g  w ith  p a r t i c u l a r  emphasis 
on those  f e a tu r e s  in f lu e n c in g  fo rag in g  techn iques  and th e  a l l o c a t i o n  o f  food 
re so u rce s  between sp ec ie s  l i v i n g  in  c lo se  p rox im ity  on the  sh o re .  Comparison
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w i l l  be made between th e  mesogastropod l i t t o r i n i d s  and th e  c o n t r a s t in g  
archaeogastropod  l im p e ts ,  FateVia ond Aomaea, E x is t in g  knowledge i s  analysed 
c r i t i c a l l y  and f r e s h  work p re s e n te d .
4 .1 .  Methods
Radulae were p repared  f o r  m icroscop ic  exam ination by r i n s i n g  i n  a d i l u t e  
s o lu t io n  o f  sodium h y p o c h lo r i te  to  remove d e b r i s .  Specimens f o r  viewing under 
the  scanning e l e c t r o n  microscope were subsequen tly  d r ie d  i n  a graded acetone 
s e r i e s  (30%, 50%, 70%, 90%) and stub-m ounted. The F i s c h e r - P i e t t e  (1935) 
tech n iq u e  was used to mount th e  p a t e l l i d  ra d u la e  f o r  viewing under th e  l i g h t  
m icroscope. F a te lla  dep ressa  r a d u la e  were c o l le c te d  a t  Plymouth by S . J .  Hawkins 
(Manchester U n iv e rs i ty )  .
A s e r i e s  o f  sample m inera ls  w ith  known va lu es  on Mohs' s c a le  o f  (e m p ir ica l)  
hardness were ground down to  p ro v id e  smooth su r fa c e s  and s e t  in  epoxy r e s i n .
Table 11 l i s t s  th e  m in e ra ls  and t h e i r  corresponding  ha rd n ess  v a lu e s .  Radular 
hardness was a sse sse d  by drawing specimen rad u lae  ac ro ss  th e  s u r fa c e  o f  each 
m inera l in  tu r n  and subsequen tly  examining a l l  samples under a b in o c u la r  
microscope u s in g  bo th  r e f l e c t e d  and in c id e n t  l i g h t .  The hardness o f  each 
ra d u la  eq u a lled  o r  exceeded t h a t  o f  any m inera l s c ra tc h e d  by th e  d e n t i c l e s .
O bservations on the  feed ing  c y c le  o f  P a te lla  and L ittovC na  a re  based on 
se q u e n t ia l  photographs o f  th e  r a d u la r  " s t ro k e "  taken  through th e  s id e  o f  a 
perspex  tan k , and on d i s s e c t io n  o f  th e  dead an im als . Though feed ing  could  be 
observed more c l e a r l y  through g l a s s ,  th e  g raz ing  s t ro k e  was in h ib i t e d  as th e  
t e e t h  were unab le  to  g r ip  th e  smooth s u r fa c e .  The photographs were taken u s in g  
a Nikon camera w ith  motor d r iv e ,  in  co n junc tion  w ith  a Sunpak 3400 T h y r is to r  
F la sh  (1:16 power r a t i o ) .  The len s  was a Nikon 35 mm wide ang le  len s  used in  
r e v e rse  on an M r in g  e x te n s io n  tube . The auto-diaphragm  was fu n c t io n  op e ra ted  
by a cab le  r e l e a s e .  Three p ic tu r e s  were taken p e r  second. Consequently , to  
c o n s t r u c t  a d e t a i l e d  sequence o f  th e  e n t i r e  g raz ing  s t r o k e ,  i t  was n ecessa ry  to  
use  photographs taken  during  a number o f  su cc e ss iv e  s t r o k e s .
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TABLE 11. M inerals  used to  a s se s s  r a d u la r  hardness
M ineral Hardness (Mohs' Scale)
Gypsum 2 .0
H a l i te  2 .0 -2 .5
B i o t i t e  2 .5 -3 .0
C a lc i t e  3 .0
Barytes 3 .0 -3 .5
F lu o r i t e  4 .0
Hemimorphite 4 .5 - 5 .0
Horneblende 5 .0 -6 .0
O rthoc lase  6 .0
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Limpet g raz ing  t r a c e s  were o b ta in ed  r e a d i ly  on perspex  p l a t e s .  I t  
proved more d i f f i c u l t ,  however, to  f in d  a medium on which l i t t o r i n i d  g raz ing  
could be induced , and c l e a r  t r a c e s  o b ta in e d .  T r ia l s  w i th  p a r a f f i n  wax, agar 
( a f t e r  E igenbrod t, 1941) and animal f a t  ( a f t e r  Z ie g le r ,  1910) were r e l a t i v e l y  
u n su c c e ss fu l .  E v en tu a lly ,  s a t i s f a c t o r y  p r i n t s  were o b ta in ed  on g la s s  m ic ro ­
scope s l i d e s  covered w ith  a f i n e  la y e r  o f  s o o t .  To enable  the  s l i d e  to  be 
immersed in  seaw ate r ,  th e  soo t was covered w ith  a th in  p r o t e c t i v e  f i lm  o f  wax.
4 .2 .  S t ru c tu re  o f  th e  feed ing  appara tu s
The m olluscan ra d u la  i s  one o f  th e  major hallm arks o f  th e  phylum. I t  
is  s i t u a t e d  in  th e  gastropod  b ucca l c a v i ty ,  a m usculo-cutaneous tube  w ith  an 
e p i t h e l i a l  and c u t i c u l a r  l i n i n g ,  and extends forwards ac ro ss  th e  m id-dorsa l 
su r fa c e  o f  th e  odontophore o r  bucca l mass. The b a sa l  membrane o f  th e  r a d u la  
i s  fused to th e  s u b - ra d u la r  membrane which covers the  s u r fa c e  o f  th e  odonto­
phore ( F r e t t e r  and Graham, 1962).
In  th e  a rchaeogas tropod  l im p e ts ,  F a te tla  and Aomaea, th e  buccal mass i s  a 
remarkably ro b u s t  and powerful s t r u c t u r e ,  s tren g th en ed  by f iv e  p a i r s  o f  
c a r t i l a g e  ( F r e t t e r  and Graham, 1962) and m anipulated  by muscles i n s e r t e d  in to  
th e  body w all  o f  th e  head (Purchon, 1968). A hypertrophy  o f  th e  muscles 
enables th e  ra d u la  to  be p re s se d  a g a in s t  th e  substra tum  w ith  c o n s id e ra b le  fo rc e  
( F r e t t e r  and Graham, 1962) . The a n t e r i o r  c a r t i l a g e s  a re  a rranged  to  p rov ide  
a shock a b so rb e r ,  damping th e  powerful v ib r a t io n s  o f  th e  ra d u la  which in e v i t a b ly  
a r i s e  from c o n ta c t  w ith  th e  substra tum  and p o s s ib ly  a lso  th e  jaw (N isbe t, 1953). 
In  c o n t r a s t ,  t h e  odontophore o f  th e  m esogastropod, L'ittovi-na i s  a much le s s  
e la b o ra te  s t r u c t u r e  and is  c o n t r o l l e d  by two p a i r s  o f  c a r t i l a g e  ( F r e t t e r  and 
Graham, 1962) .
In  th e  ro o f  o f  th e  buccal c a v i ty  a n t e r i o r l y ,  F a te tla  posse sse s  a s in g le ,  
p ro t ru d in g ,  c r e s c e n t ic  jaw (F ig . 21C). S t r u c t u r a l l y  t h i s  comprises a 
c a r t i l a g in o u s  th ic k e n in g  o f  th e  b ucca l w a l l ,  t h e  ep ith e l iu m  o f  which i s  
c u t i c u l a r i s e d  and appears  t o  be c h i t in o u s  ( F r e t t e r  and Graham, 1962). In  th e
43
archaeogastropod Monodonta t-ineata , N isbet (1953) found th a t  the  m a te r ia l  
forming th e  jaws resem bled th a t  o f  th e  buccal c a r t i l a g e s ,  though th e  c e l l s  o f  
th e  jaw s k e le to n  were sm a lle r  and le s s  v a cu o la ted .  The p a t e l l i d  jaw has a 
s t r a i g h t  edge w ith  no s e r r a t i o n s .  No jaw i s  p re sen t  in  e i t h e r  th e  acmaeids 
o r  th e  l i t t o r i n i d s .
The s t r u c t u r e  a c t i v e ly  invo lved  in  food g a th e r in g  i s  th e  r a d u la .  During 
g raz in g , th e  r a d u la  fu n c t io n s  r a t h e r  l i k e  a conveyor b e l t .  I t  c o n s i s t s  o f  a 
r ibbon  w ith  a continuous c u t i c u l a r  base  o f  c h i t i n  and p r o t e in ,  b ea r in g  
su ccess iv e  t r a n s v e r s e  and lo n g i tu d in a l  rows o f  t e e t h .  These a re  formed a t  th e  
in n e r  end o f  th e  r a d u la r  sac and g ra d u a lly  move forward onto th e  d o rsa l  s u r fa ce  
o f  th e  odontophore as th e  t e e t h  a t  th e  f r o n t  o f  th e  r a d u la  become worn and broken. 
The r a d u la r  sac  i t s e l f  comprises a b l in d  d iv e r t ic u lu m  which l i e s  c o i le d  in  a 
s p i r a l  d o rsa l  to  th e  oesophagus, on th e  r i g h t  hand s id e  o f  th e  body. S p e c ia l i s e d  
c e l l s  a t  th e  innerm ost end, termed o d o n to b la s ts ,  s e c re te  th e  t e e t h ,  w hile  th e  
c e l l s  forming th e  ep ithe lium  o f  th e  d o rsa l  w all impregnate th e  d e n t ic le s  w ith  
in o rg an ic  s a l t s ,  p a r t i c u l a r l y  i r o n  and s i l i c o n ,  and a re  u l t im a te ly  re s p o n s ib le  
f o r  th e  chemical c o n s t i t u t i o n  and p h y s ica l  con s is ten cy  o f  th e  fu n c t io n a l  t e e t h  
(P renant, 1924). Though th e  p r e c i s e  n a tu re  o f  th e s e  s a l t s  v a r i e s  between 
s p e c ie s ,  th e  b a s ic  com position o f  th e  ra d u la  probably  remains s u b s t a n t i a l l y  th e  
same ( F r e t t e r  and Graham, 1976).
4 .2 .1 .  Radular S t r u c tu re
For any g iven  s p e c ie s ,  each t r a n s v e r s e  row o f  d e n t i c l e s  i s  norm ally 
i d e n t i c a l  w ith  r e s p e c t  to  b o th  th e  number and th e  shape o f  t e e t h .  The s i n g le ,  
c e n t r a l  to o th ,  th e  r a c h id ia n ,  i s  f lanked  on e i t h e r  s id e  by a s e r i e s  o f  l a t e r a l s  
which t y p i c a l l y  d im in ish  in  s iz e  from the  m id - l in e  l a t e r a l l y ,  forming two 
d i s t i n c t  groups: in te rm e d ia te s  n e a r e s t  to th e  r a c h id ia n ,  and m arg ina ls  towards
th e  o u ts id e  o f  th e  r a d u la .  The most prominent l a t e r a l  to o th  i s  termed th e  
dominant. As r a d u la r  s t r u c tu r e  is  a f e a tu r e  o f  c o n s id e ra b le  taxonomic 
importance, fo r  most genera  gross s t r u c t u r e  has been d e sc r ib e d  tho rough ly .
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However, le s s  ap paren t i n t r a - g e n e r i c  d i f f e r e n c e s  i n  r a d u la r  form have re c e iv e d  
l i t t l e  a t t e n t i o n  d e s p i t e  t h e i r  p o s s ib le  s ig n i f ic a n c e  in  th e  p a r t i t i o n i n g  o f  
food re so u rce s  between sym patric  s p e c ie s .
The gastropod  m olluscs  a re  f r e q u e n t ly  sub -d iv ided  accord ing  to  th e  s t r u c t u r e  
o f  th e  r a d u la .  The rh ip id o g lo s s a n  Zeugobranchia, Trochacea and N e ri ta cea  
almost c e r t a i n l y  p o sse ss  th e  most p r im i t iv e  r a d u la .  S t r u c t u r a l l y ,  th e  r h i p i d o - 
g lo ssan  ra d u la  i s  th e  most complex o f a l l  prosobranch  ra d u la e ,  p o s se ss in g  a 
d i s t i n c t  r a c h id ia n  to o th ,  on e i t h e r  s id e  o f  which l i e s  a fan  o f  sm a lle r  t e e t h  
composed o f  f iv e  in te rm e d ia te s  and a v a s t  a r ra y  o f  n e e d le - l i k e  m arg in a ls .  The 
docoglossan ra d u la  o f  th e  l im pe ts  and th e  ta e n io g lo s s a n  r a d u la  o f  th e  l i t t o r i n i d s  
a re  o f te n  cons ide red  to  be d e r iv ed  from th e  rh ip id o g lo ss a n  form ( e .g .  F r e t t e r  
and Graham, 1962).
a) The docoglossan  r a d u la  (see  Table 12)
The archaeogastropod  l im pe ts  P a te t ta  and Aomaea» a re  c h a r a c te r i s e d  by 
ra d u la e  o f  docoglossan  s t r u c t u r e  (F ig . 16 A ,B ). In th e  p a t e l l i d s ,  F r e t t e r  and 
Graham (1962) s t a t e  t h a t  a r a c h id ia n  to o th  i s  p r e s e n t  bu t  d im in ished . However 
my own scanning e le c t r o n  microscope s tu d ie s  o f  P a te l la  vulgata:» P. aspera  and 
P. depressa  (see  Jones e t  a l ,  , in  p re s s )  show no evidence o f  a r a c h id ia n  to o th ,  
however v e s t i g i a l .  The ap paren t to o th  v i s i b l e  by l i g h t  microscopy would appear 
t o  be a shadow or r e f r a c t i o n  a r t e f a c t .
Each t r a n s v e r s e  row i s  composed o f  fo u r  w ell-deve loped  in te rm e d ia te  t e e t h  
flanked  on e i t h e r  s id e  by a l a r g e ,  dominant p lu r i c u s p id  m arginal to o th .  On 
th e  p e r ip h e ry  o f  th e  r a d u la ,  th r e e  inconspicuous and much reduced o u te r  m arginal 
t e e t h  occur .
The in te rm e d ia te  and dominant m arginal t e e t h  a l l  possess  an u n u su a l ly  broad , 
n o n - l in e a r  base  o f  a ttachm ent to  th e  r a d u la r  membrane ( p e r s . o b s . ) .  This 
e f f e c t i v e l y  r e s t r i c t s  th e  movement o f  th e  te e th  and in f lu e n c e s  the  mechanics of 
docoglossan feed in g  p ro found ly . In  a l l  o th e r  p rosobranch  m olluscs  th e  base  o f  
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Close exam ination o f  th e  t r i c u s p i d  marginal t e e t h  o f  F a te tla  vu lg a ta  and 
th e  s i b l i n g  sp ec ie s  P. aspera  and P. d ep ressa  r e v e a l s  s e v e ra l  d i s t i n c t  
d i f f e r e n c e s  (F ig . 17 and Table 12; see  a lso  F i s c h e r - P i e t t e ,  1935). In a l l  
th r e e  sp ec ie s  th e  in n e r  cusp i s  sm a l l .  The two o u te r  cusps o f  P. vu lg a ta  a re  
s le n d e r  and s t r a i g h t - s i d e d  w hile  th o se  o f  P. aspera  and P. depressa  a re  broad 
w ith  d i s t i n c t l y  convex s id e s .  In  P. vu lg a ta  and P. d ep ressa  th e  o u te r  cusp i s
s h o r te r  th a n  th e  m iddle  cusp . This t ren d  i s  re v e rsed  i n  P. a sp era . D esp ite
chemical harden ing  o f  th e  d e n t i c l e s  in  a l l  s p e c ie s ,  g raz in g  on th e  rock s u r fa c e  
f r e q u e n t ly  leads  to  to o th  breakage (p e r s .  o b s . ) .
The r a d u la  o f  th e  acmaeids (F ig . 16B) i s ,  in  appearance , very  d i f f e r e n t .
The o u te r  m arginal t e e t h  have d isappea red  com pletely  and th e  number o f  i n t e r ­
m ediate  t e e t h  in  each t r a n s v e r s e  row i s  reduced to  two, th e  dominant m arginal 
being b ic u sp id  w ith  a la rg e  in n e r  cusp and a small o u te r  cusp . A ll th e  t e e t h  
a re  a l ig n e d  p e rp e n d ic u la r ly  to  th e  substra tum  and a re  d i s t i n c t l y  b lu n t  and 
s h o v e l - l ik e  compared w ith  th e  s le n d e r  p o in te d  d e n t i c l e s  o f  P a te lla  (p e r s .  o b s . ) .
F r e t t e r  and Graham (1962) suggest t h a t  the  g en era l  format of th e  docoglossan 
r a d u la  may be d e r iv e d ,  e i t h e r  by re d u c t io n  or lo s s  o f  th e  m arginal and r a c h id ia n  
t e e t h ,  from th e  l e s s  s p e c i a l i s e d  polyodont rh ip id o g lo s s a te  ty p e .  The p l u r i -  
cuspid  dominant to o th  may a r i s e  from th e  fu s io n  o f  s e v e ra l  m a rg in a ls .
b) The ta e n io g lo s s a n  ra d u la  (see  Table 13)
In c o n t r a s t  to  th e  d o co g lo ssan s , th e  ra c h id ia n  to o th  on the  ta e n io g lo s s a n  
l i t t o r i n i d  ra d u la  i s  b o th  prom inent and fu n c t io n a l  and i s  f la n k e d  on e i t h e r  s id e ,  
by a s in g le  in te rm e d ia te  to o th  and two m arg ina ls  (F ig . 16 C,D) . Although t h i s  
c o n f ig u ra t io n  may a lso  be d e r iv ed  from th e  rh ip id o g lo ss a n  form through fu s io n  
or lo s s  o f  th e  m arginal t e e t h ,  th e  b a s ic  s t r u c tu r e  and mechanics o f  th e  
ta e n io g lo s sa n  r a d u la  a re  very  d i f f e r e n t  from th o se  o f  th e  docog lossans . The 
wide b asa l  p la t e s  which r e in f o r c e  th e  b a sa l  membrane o f  th e  lim pe t r a d u la  do 
no t occur, and as a r e s u l t ,  t h e  b a s a l  membrane and th e  in d iv id u a l  t e e t h  a t t a i n  
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The r a c h id ia n  to o th  o f  th e  common w inkle  i s  composed o f  th r e e  po in ted  cusps , 
th e  c e n t r a l  cusp be ing  l a r g e s t .  The in te rm e d ia te  to o th  a lso  has a sh arp ,  
dominant cusp, b u t t h i s  i s  f lan k ed  on e i t h e r  s id e  by two o r  th r e e  s h o r t e r  cusps .
The in n e r  m arginal to o th  i s  sm a l le r  and posse sse s  s e v e ra l  sharp  cusps o f  v a ry in g  
le n g th .  The o u te r  m arginal i s  q u i t e  d i s t i n c t ,  th e  cusps be ing  o f  s im i la r  le n g th  
to  one a n o th e r ,  b u t  s h o r t e r  than  th o se  o f  th e  in n e r  m arg ina l.
In  comparison, th e  r a d u la r  t e e t h  o f  th e  f l a t  w inkle  have much b ro a d e r ,  b lu n t e r  
cusps . This a p p l ie s  in  p a r t i c u l a r ,  to  th e  r a c h id ia n  and th e  dominant in te rm e d ia te
t e e t h .  One o f  th e  f e a tu r e s  used by Reimchen (1974) to  confirm  th e  s p e c i f i c  s t a t u s
o f  th e  two s ib l in g  f l a t  w in k le s ,  L'Cttorïna o b tu sa ta  and L, m ariaei was th e  
morphology o f  th e  r a d u la .  F i r t h  o f  Clyde specimens examined and i d e n t i f i e d  by 
th e  au th o r  show s i m i l a r  t r a i t s .  F ig .  18 and Table 13 i l l u s t r a t e  th e  major 
d i f f e r e n c e s  h ig h l ig h te d  by Reimchen. In  L, o b tu sa ta  th e  o u te r  marginal to o th  
p osse sse s  numerous r a t h e r  i n d i s t i n c t ,  an g u la r  cusps . In  L, m ariae th e  same to o th  
has very d i s t i n c t ,  lo b a te  c u sp s .  The in te rm e d ia te  t e e t h  a l s o  d i f f e r  markedly.
In L, o b tu sa ta  th e  dominant has t h r e e  la rg e  c u sp s , f lan k ed  on the in s id e  and on 
th e  o u ts id e  by a sm a l l ,  p o in te d  cusp. While bo th  small cusps a re  r e t a in e d  in  
L, mcœiae on ly  two l a r g e  cusps a r e  apparen t in  th e  middle o f  th e  to o th .  Reimchen 
found th a t  th e se  c h a r a c te r s ,  along w ith  d i f f e r e n c e s  in  s h e l l  morphology and 
s c u lp tu r in g ,  r e l i a b l y  d i s t in g u is h e d  a l l  bu t th e  very  s m a l le s t  in d iv id u a ls  ( < 2  mm 
in  s h e l l  l e n g t h ) .
4 .2 .2 .  D e n t icu la r  hardness
The occurrence  o f  hardening  agen ts  on th e  d i s t a l  p o r t io n s  o f  th e  in te rm e d ia te  
and dominant m arg inal t e e t h  causes a c h a r a c t e r i s t i c  black-brow n to  yellow-brown 
opaque p igm en ta tion  o f  th e  docoglossan  d e n t i c l e s  (F ig s .  1 9 ,2 0 ) .  Im pregnation 
w ith  hardening  agen ts  occurs  as th e  t e e t h  a re  formed in  th e  r a d u la r  sac . F ig . 19 
compares t e e t h  from th e  in n e r  end o f  th e  sac (n o n - fu n c t io n a l)  w ith  t e e t h  from th e  
o p e ra t io n a l  p o r t io n  o f  th e  r a d u la .  Only th e  l a t t e r  a re  f u l l y  pigmented.
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conclude th a t  i t  was composed l a r g e ly  o f  p r o t e i n  and p o ly sacch a r id e  s tren g th en e d  
by s a l t s  o f  i r o n  and s i l i c o n ,  and t h a t  th e  fe r ro u s  c o n s t i tu e n t  probab ly  occurred  
in  th e  form o f  th e  o x id e ,  h a em a ti te  (Fe^O^). D esp ite  Lowenstam's (1962b) r e f e re n c e  
to  g o e th i te  (a Fe^O^.HgO) in  F a te tla  and Aomaea» i t  i s  now g e n e r a l ly  accep ted  th a t  
th e  in c o rp o ra t io n  o f  i ro n  in  th e  docoglossan  ra d u la  does occur in  th e  form,
Fe^O^ (C are fo o t ,  1977).
S treng then ing  w ith  f e r ro u s  s a l t s  has a lso  been i d e n t i f i e d  in  th e  c h i to n s ,  
Lowenstam (1962a) f in d in g  a 65% dry-w eigh t c o n ce n tra t io n  o f  m ag n e t i te  (Fe^O^) in  
th e  r a d u la r  t e e t h .  L i t t o r i n i d  ra d u la e  la ck  comparable hardening  and when viewed 
under th e  l i g h t  m icroscope, th e  d e n t i c l e s  appear uniform ly  c l e a r  (F ig . 20B) .
In t h i s  s tu d y , Mohs’ s c a l e  o f  hardness was used to  compare th e  hardness  of 
both  l im p e t  and l i t t o r i n i d  ra d u la e .  The r e s u l t s  a re  summarised in  Table 14.
The apparen t d i f f e r e n c e  in  hardness  o f  t h e  acmaeid and p a t e l l i d  d e n t i c l e s  may be 
an a r t e f a c t  a r i s i n g  from th e  d i f f e r e n c e  in  s iz e  o f  th e  two ra d u la e .  Not 
s u r p r i s in g ly ,  th e  l a r g e r  r a d u la  o f  F a te tla  l e f t  l a r g e r  s c r a tc h  marks on th e  t e s t  
m in e ra ls .  These were more r e a d i ly  i d e n t i f i e d  a g a in s t  th e  i n e v i t a b l e  background 
s c ra tc h e s  p re s e n t  on a l l  m inera l sam ples.
C le a r ly ,  in c o rp o ra t io n  o f  i r o n  in  the  docoglossan ra d u la  hardens th e  
d e n t ic le s  c o n s id e ra b ly .  On Mohs’ s c a le ,  F a te tla  and Aomaea bo th  have va lues  
comparable to  t h a t  f o r  human t e e t h .  In  c o n t r a s t ,  th e  l i t t o r i n i d  d e n t i c l e s  a re  
l i t t l e  h a rd e r  th a n  a f i n g e r n a i l  (W hitten and Brooks, 1972).
4 .5 .  The feed in g  cycle
V aria t io n s  i n  r a d u la r  s t r u c t u r e  a re  o f te n  connected w ith  s u b t le  d i f f e r e n c e s  
in  the  mechanics o f  fe ed in g . The complex feed ing  movements a s s o c ia te d  w ith  a 
v a r i e ty  o f  i n t e r t i d a l  gastropods have been d e sc r ib ed  p re v io u s ly  by Ankel (1937, 
1938), E igenbrodt (1941), N isbet (1953) and Graham (1973) and reviewed by F r e t t e r  
and Graham (1962, 1976), Newell (1970) and Purchon (1968). The more d e t a i l e d  
d e s c r ip t i o n s  of th e  feed in g  c y c le ,  however, ten d  to  adopt an anatom ical approach 
which obscures th e  re le v an c e  o f  th e  s u b je c t  to  gastropod  feed in g  ecology, w hile
A.
B.
F ig . 20 . Pigmentation o f  d e n t ic le s .
(Light microscope)
A. F a te lla  vu lg a ta  x 500.
B. L v tto r in a  l i t t o r e a  x 400
TABLE 14. D e n t ic u la r  hardness
4G
M ateria l
*Human f in g e r n a i l
Hardness [Mohs’ Scale)
2 . 0
L lt to r tn a  t'L ttorea  d e n t ic le s
L'Ctix)T'ina mariae d e n t i c l e s
L'ittoT’ina o b tu sa ta  d e n t ic le s
Aomaea te s s u ta ta  d e n t i c l e s
F a te tla  aspera  d e n t i c l e s
F a te tla  depressa  d e n t i c l e s
F a te tla  vu lg a ta  d e n t i c l e s
*Human t e e t h
*Window g la s s
2 .0 - 2. 5
2 .0 -2.5
2 . 0 - 2 . 5
4 .0 - 4 .5
4 .5 - 5 .0
4 .5 - 5 .0
4 .5 - 5 .0
5.0
6.0
*From W hitten  and Brooks (1972)
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many o f  th e  le s s  d e t a i l e d  accounts  a re  b o th  incom plete  and c o n fu s in g .  Here, th e  
feed ing  mechanism o f  th e  docoglossan  h e rb iv o re  F a te lla  and th e  ta e n io g lo s s a n  g ra z e r  
L it to r ïn a ,  a re  examined c lo s e ly  and compared, w ith  th e  emphasis on th o se  f e a tu r e s  
in f lu e n c in g  fo rag in g  s t r a t e g y  and food p re fe re n c e s .
4 .3 .1 .  P a te tta  vu lg a ta
The mouth o f  P a te lla  comprises a v e r t i c a l  opening covered by " in n e r  l i p s "  o f  
a y e l lo w ish  co lo u r  (F ig . 21B). When th e  animal is  not a c t i v e ly  feed in g ,  th e  s k in  
o f  th e  head fo ld s  over th e  mouth to  form l a t e r a l  "o u te r  l i p s "  (F ig . 21A). At th e  
commencement o f  fe e d in g ,  th e  in n e r  l i p s  p a r t  and th e  buccal mass performs a 
rhy thm ica l su cc e ss io n  o f  forw ard  s t r o k e s ,  be ing  withdrawn under cover between each.
A s e r i e s  o f  s t ro k e s  a re  made s id e  by s id e  as th e  head d e sc r ib e s  a slow a rc  in  
f r o n t  o f  th e  fo o t .  At th e  end o f  each s e r i e s ,  th e  p o s i t i o n  o f  th e  fo o t  i s  a l t e r e d  
s l i g h t l y  and ano ther  sweep beg ins  in  th e  r e v e r s e  d i r e c t i o n .
P r io r  to  each s t r o k e ,  th e  buccal mass i s  i n  the  r e t r a c t e d  p o s i t io n  and the 
su b ra d u la r  membrane l i e s  i n  a lo n g i tu d in a l  groove between two p a i r s  o f  c a r t i l a g e .
As the  in n e r  l i p s  open from t h e  a n t e r i o r  (F ig . 22 A ,B ), th e  odontophore i s  moved 
forward w ith in  t h e  buccal c a v i ty  and th e  groove i s  p u l le d  open to  leav e  th e  ra d u la  
ly in g  f l a t  on th e  s u r f a c e  o f  th e  c a r t i l a g e .  The p r o t r a c t in g  buccal mass s t r i k e s  
th e  substra tum  n e a r  th e  v e n t r a l  l i p ,  app ly ing  sev e ra l  rows o f  t e e t h  t o  th e  s u r fa c e  
(F ig . 22D). The e n t i r e  s t r u c t u r e  i s  then  p u l le d  forwards to  th e  reg io n  o f th e  
d o r s a l  l i p  (F ig . 22 E ,F ) . The ra d u la  i s  subsequen tly  withdrawn around th e  a n t e r i o r  
ex trem ity  o f  th e  odontophore as th e  su b ra d u la r  membrane is  p u l le d  in to  th e  buccal 
c a v i ty  c lo se  to  th e  d o rs a l  l i p s  and jaw (F ig . 22F) . S im ultaneously  th e  odontophore 
i s  l i f t e d  and withdrawn (F ig . 22 G,H), th e  in n e r  l i p s  c lo s in g  from th e  p o s t e r i o r .
Hence p r o t r a c t io n  o f  th e  odontophore c o n s t i t u t e s  th e  most im portan t phase o f  
th e  feed ing  c y c le .  As th e  h ig h ly  developed p r o t r a c t o r  muscles d r iv e  the  buccal 
mass across  th e  substra tum  th e  hardened t i p s  o f  th e  in te rm e d ia te  t e e t h  and th e  
dominant m arginal t e e t h  ra sp  ac ro ss  th e  s u r fa c e .
Throughout th e  feed in g  s t ro k e ,  th e  wide b a sa l  p l a t e s  ensure  t h a t  the  p o s i t io n
c
\
Fig . 21. Head and m outhparts  o f  P a te lla  vu lga ta .
A,B xl5  
C x23
pg = p a l l i a i  g i l l s  
h t  = head t e n ta c le s  
d l  = d o rsa l  l i p  
v l  = v e n t r a l  l ip  




F ig . 2 2 . Grazing s t ro k e  o f  P a te lla  vu lg a ta  ( x l 6 ) .
d l  = d o rsa l  l i p  
v l  = v e n t r a l  l i p  
i l  = in n e r  l ip s  
j = jaw 
be = bucca l c a v i ty  
dmt = dominant m arginal to o th  
i t  = in te rm e d ia te  t e e t h
E n t i re  sequence r e p r e s e n ts  approxim ately  1 . 1  seconds
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o f  th e  pigmented in te rm e d ia te  t e e t h  on the  b a sa l  membrane, rem ains unchanged.
Runham and Thornton (1967), however, suggested  t h a t  some e r e c t io n  of th e  dominant 
marginal t e e th  may o ccu r .  C lose exam ination o f  the  s e q u e n t ia l  photographs 
confirm s t h i s  th e o ry ,  r e v e a l in g  a degree o f  movement o f  th e  p lu r i c u s p id  m arg ina ls  
a t  th e  apex o f  th e  buccal mass. As th e  buccal mass moves forward a c ro s s  th e  
substra tum  th e  p lu r i c u s p id  t e e t h  r i s e  s l i g h t l y  and swing toward th e  c e n tr e  o f  the  
ra d u la  so t h a t ,  in  each t r a n s v e r s e  row, o p p o s i te  p lu r i c u s p id s  l i e  c lo s e r  to g e th e r  
immediately p r i o r  to  be ing  l i f t e d  from th e  substra tum .
In c o n t r a s t  to  th e  l i t t o r i n i d s ,  P a te tta  p o ssesses  a n t e r i o r l y ,  a s in g le  
p ro tru d in g  jaw a g a in s t  which p ie c e s  o f  food may be p re s se d  by th e  odontophore.
As th e  r a d u la  i s  p u l le d  back in to  th e  buccal c a v i ty  a t  th e  end o f  each g raz ing  
s t ro k e ,  th e  t e e t h  a u to m a t ic a l ly  b rush  a g a in s t  the  jaw. The prim ary fu n c t io n  o f  
th e  jaw, as N isb e t  (1953) and F r e t t e r  and Graham (1962) p o in t  o u t ,  i s  undoubtedly 
to  p rev en t  food escap ing  from th e  buccal c a v i ty  r a t h e r  th an  to  f a c i l i t a t e  b i t i n g  
o r  t e a r in g  o f  macroscopic food items (but see  S ec tio n  4 .4 .2  below).
4 .3 .2 .  L-Cttortna t z t to r e a
In  L'ùttor'LTiai th e  movements o f  th e  head and fo o t  a re  s im i l a r  to  those  of 
P a te t ta .  However, th e  " s p l a y - t e e th "  ta e n io g lo s s a n  r a d u la  d i f f e r s  b a s i c a l l y  from 
th e  p a t e l l i d  r a d u la ,  lack ing  th e  r i g i d i t y  which p rev en ts  movement o f  t e e t h  on the  
b a sa l  membrane during  g raz in g  and th e  w e ll  developed m uscu la tu re  concerned w ith  
p r o t r a c t i o n  o f  th e  p a t e l l i d  bucca l mass. As a r e s u l t ,  th e  t a e n io g lo s s a n  ra d u la  
fu n c t io n s  in  a r a t h e r  d i f f e r e n t  manner, r e ly in g  h e a v i ly  on changes in  the  
c o n f ig u ra t io n  o f  th e  m arg ina l and in te rm e d ia te  t e e t h  as each su ccess iv e  row c o n ta c ts  
the  substra tum .
At r e s t ,  th e  t i p  o f  th e  snout forms a c i r c u l a r  s u r fa ce  c ro sse d  by a v e r t i c a l  
c l e f t  ( the  c lo sed  mouth) (Fig. 23A). As th e  mouth opens, th e  l a t e r a l  buccal 
p r o t r a c to r s  p u l l  th e  buccal mass forward w i th in  th e  bucca l c a v i ty  u n t i l  th e  t i p  o f  
th e  odontophore p r o j e c t s  through  th e  mouth, the  ra d u la  moving d o r s o - v e n t r a l ly  a c ro ss  
th e  o ra l  opening c lo se  to  th e  v e n t r a l  l i p s  (F ig . 23C).
F ig .  23. Grazing s t ro k e  o f  L-it-borina t- i t to re a  (x 2 5 ) .
d l  = d o rs a l  l i p  
v l  = v e n t r a l  l i p  
i l  = in n e r  l ip s  
f  = fo o t  
bp = bending p lane  
be = buccal c a v i ty
E n t i r e  sequence r e p re s e n ts  approxim ately  0.9 seconds
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The a n t e r i o r  horns o f  th e  c a r t i l a g e s  o f  th e  buccal mass form a sharp edge 
fa c in g  th e  o r a l  o r i f i c e .  At t h i s  p o in t  th e  shape o f  th e  r a d u la  undergoes a b a s ic  
change during  g ra z in g .  Ankel (1937) named th e  c a r t i l a g e  edge th e  "K nickkan te" , 
a term which may be t r a n s l a t e d  as th e  "bending p la n e" .  W ithin th e  bucca l c a v i ty ,  
on the  d o rsa l  s u r f a c e  o f  th e  bucca l mass, th e  t e e t h  l i e  f l a t  on th e  b asa l  membrane 
and th e  l a t e r a l s  remain fo ld ed  in  towards the  m id - l in e ,  o v e rlap p in g  each o th e r  so 
th a t  each t r a n s v e r s e  row forms an a rc .  The ra d u la  i s  fo ld ed  in  th e  c a r t i l a g e  
groove to  p r o t e c t  the  bu cca l t i s s u e s  from in a d v e r te n t  damage (F ig . 24). As 
p r o t r a c t i o n  o f  th e  odontophore occu rs  a t  th e  beginning  o f  each s t r o k e ,  th e  
su b ra d u la r  membrane moves o u t  o f  th e  buccal c a v i ty  and over th e  bending p lane  o f  
th e  odontophore c a r t i l a g e s  i n  a l a t e r a l l y  s t r e tc h e d  s t a t e .  The e f f e c t  o f  the  
bend on th e  r a d u la r  t e e t h  c o n s t i t u t e s  th e  major d i f f e r e n c e  between th e  g raz in g  
s t ro k e s  o f  L i t to r tn a  and P a te tta .
In  L'tttordrua, i t  i s  th e  p o s i t io n  o f  th e  ra d u la  r e l a t i v e  to  th e  c a r t i l a g e  edge, 
and hence th e  te n s io n s  experienced  by th e  b a sa l  membrane, which u l t im a te ly  determ ines  
the  c o n f ig u ra t io n  o f  th e  r a d u la r  t e e t h .  At the  p o in t  where th e  ra d u la  p a sse s  over 
th e  c a r t i l a g e s  a change occu rs  in  th e  p o s i t i o n  o f  th e  t e e t h  r e l a t i v e  to  th e  su rface  
o f  th e  b a sa l  membrane. At th e  bend, th e  o u te r  m arg ina l t e e t h  a re  r a i s e d  and 
r o t a t e  outwards w hile  th e  in n e r  m arg inal t e e t h  and in te rm e d ia te  t e e t h  a re  r a i s e d  
and spread  a p a r t  (F ig .  23E). The middle r a c h id ia n  to o th  does no t change i t s  
p o s i t i o n  on th e  b a s a l  membrane. In c o n t r a s t  to  P a te tta »  on ly  th e  t e e t h  a t  th e  
c a r t i l a g e  edge and immediately beh ind  i t  c o n ta c t  the  subs tra tum .
Opening of the  ra d u la  and e r e c t io n  o f  th e  r a d u la r  t e e t h  occurs  p r im a r i ly  
because th e  s u b ra d u la r  membrane i s  p u l le d  forwards over th e  bending p lane  by 
m uscular a c t io n .  In each g raz ing  s t r o k e ,  th e  f r e e  end o f  th e  r a d u la  approaches 
th e  bend and is  p u l le d  a c ro ss  th e  edge o f  th e  c a r t i l a g e .  F u r th e r  rows o f  t e e t h  
a re  drawn a c ro ss  th e  bend in  tu r n .
Following p r o t r u s io n  o f  th e  odontophore and th e  s im ultaneous  opening o f  th e  
r a d u la ,  th e  bucca l mass i s  a p p l ie d  to  th e  substra tum  c lo se  to  th e  v e n t r a l  l i p  
(F ig . 23D) . Im m ediately , a movement o f  th e  bending p lan e  from an a n te r o -d o rs a l  
to  a p o s te r o - v e n t r a l  p o s i t i o n  causes s e v e ra l  rows o f  t e e t h  to c ro ss  back to  the
BFig- 24 . E f fe c t  o f  c a r t i l a g e  groove on o r i e n ta t io n  o f  t e e t h  in 
L itto r tn a  I t t to r e a  (x960, scanning e le c t ro n  m icroscope)
A. Basal membrane o f  rad u la  f l a t .
B. Basal membrane fo ld e a ,  as in  c a r t i l a g e  groove.
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d o rs a l  su r fa ce  o f  th e  odontophore and r e t u r n  to  t h e i r  o r i g i n a l  c lo sed  p o s i t i o n  
(F ig . 23 D,E) . During t h i s  b r i e f  phase , th e  p o r t io n  o f  th e  ra d u la  ly in g  v e n t r a l  
to  th e  bending p lan e  remains s t a t i o n a r y .
As th e  f i n a l  phase o f  th e  feed in g  c y c le  commences, th e  r a d u la  and the  odonto­
phore both  move d o r s a l ly ,  th e  former f a s t e r  than  th e  l a t t e r ,  and f u r t h e r  rows o f  
t e e t h  a re  p u l le d  back ac ro ss  th e  c a r t i l a g e  edge, d isap p e a r in g  in to  th e  buccal 
c a v i ty .  This r e s u l t s  in  t h e  c o l la p s e  o f  each e r e c t  to o th .  As th e  movement 
advances, th e  r a d u la  i s  l i f t e d  (F ig .  23G) and withdrawn i n to  th e  buccal c a v i ty  
(F ig . 23H).
I t  is  th e r e f o r e  th e  p ro g re s s  o f  th e  e r e c t  t e e t h  back a c ro s s  the  bending p lane  
in to  th e  buccal c a v i ty  t h a t  c o n s t i t u t e s  th e  e s s e n t i a l  fo o d -g a th e r in g  phase o f  th e  
feed in g  cy c le .  This i s  b rought about by a combination o f  two d i s t i n c t  movements:
a) A v e n t r a l  movement o f  th e  bending p lan e ;  ra d u la  s t a t i o n a r y
b) Withdrawal of th e  r a d u la  a c ro ss  th e  bending p lan e  w hile  th e  e n t i r e  
odontophore moves d o r s a l ly ;  bending p lane  s t a t i o n a r y  r e l a t i v e  to  the  
ra d u la .
R e t ra c t io n  o f  th e  ra d u la  (movement b) c o n s t i t u t e s  th e  b a s is  o f  ta e n io g lo s s a n  
feed ing  ( F r e t t e r  and Graham, 1962). This i s  in  s t a r k  c o n t r a s t  w ith  th e  doco­
g lo s sa n  feed ing  s t r o k e  where th e  d o r s a l  movement o f  th e  buccal mass du ring  th e  
p r o t r a c t i o n  phase assumes the  fo o d -g a th e r in g  r o l e .  This su b seq u en tly  merges 
in to  th e  beginnings o f  r e t r a c t i o n  when th e  s u b ra d u la r  membrane i s  p u l le d  in to  
th e  bucca l c a v i ty .
4 .4 .  E f fe c ts  o f  g raz ing
Having analysed  th e  s t r u c tu r e  o f  th e  r a d u la  and th e  manner in  which the  ra d u la  
and a s s o c ia te d  m uscu la tu re  o p e ra te s ,  i t  should  now be p o s s ib le  to  look o b je c t iv e ly  
a t  the  e f f e c t s  o f  feed in g  on th e  food p l a n t .
In v e r te b r a te  g raz ing  may in f lu e n c e  th e  f i t n e s s  and lo n g e v i ty  o f  th e  a lg a l  
v ic t im  q u i t e  p ro fo u n d ly .  The n a tu re  o f  th e  p re d a to r /p re y  r e l a t i o n s h i p  depends 
la r g e ly  on th e  form o f  damage which th e  a lg a  s u s t a i n s .  Numerous r e p o r t s ,  fo r
53
example, document th e  complete d e s t r u c t io n  of mature k e lp  beds by v a r io u s  sp ec ie s  
o f  sea  u rc h in  (e .g .  Leighton, 1966; Breen and Mann, 1976). This i s  brought about 
by g raz ing  low down on th e  s t i p e  which sev e rs  th e  frond  c lo se  to  th e  h o ld f a s t .
However, a lg a /h e rb iv o re  in te r a c t io n s  may algo be s e l f - s u s t a i n i n g .  Steneck 
(1982) d e sc r ib ed  an a s s o c ia t i o n  between th e  c o r a l l i n e  a lg a  CtathvomoT'phmi 
airGmnsor'Cptum and th e  l im pe t Aomaea tessu Z a ta , ClathromoTphim p o ssesses  a 
un ique ly  t h i c k  la y e r  o f  ca lca reo u s  p r o t e c t iv e  t i s s u e  over th e  reg io n  of growth. 
Acmaeid g raz ing .se ldom  p e n e t r a te s  t h i s  l a y e r  to  reach  th e  re p ro d u c t iv e  s t r u c tu r e s  
b u r ie d  benea th  th e  s u r f a c e .  I t  does, however, remove ep iphy tes  (which Steneck 
conside rs  to  be p o t e n t i a l l y  l e t h a l )  along w ith c e l l s  from th e  'h o s t '  p l a n t ' s  
p r o t e c t iv e  la y e r s .
4 .4 .1 .  A nalysis  o f  g raz in g  marks
The e a r l i e s t  a ttem p ts  to  ana lyse  gastropod g raz in g  t r a c e s  a re  probably  those  
o f  S te r k i  (1895) and Z ie g le r  (1910) ( c i t e d  by Ankel, 1938). More d e ta i l e d  
ana lyses  of th e  g raz in g  p r i n t s  o f  L-Ct'toT'Lna ZZttorea\ieTe  c a r r i e d  out by Ankel 
(1937, 1938) and by Eigenbrodt (1941). In  re c e n t  years  th e  v a lu e  o f  th e  g raz ing
t r a c e  as a means o f  s tudy ing  and comparing rad u la e  o f  d i f f e r e n t  types has been
la rg e ly  overlooked. However, c lo se  exam ination o f  feed in g  marks undoubtedly  
y ie ld s  much u se fu l  in fo rm atio n  concerning th e  s t r u c tu r e  o f  th e  ra d u la ,  th e  mechanics 
o f  g raz ing  and most s i g n i f i c a n t l y ,  th e  e f f e c t s  o f  g raz ing  on th e  food s u r fa c e .
Before examining th e  g raz ing  marks o f  th e  t e s t  sp ec ie s  i n  d e t a i l ,  i t  i s
e s s e n t i a l  to  d e f in e  c l e a r l y  the  terms t h a t  w i l l  be used . H e re a f te r ,  th e  term
"grazing  t r a c e "  w i l l  r e f e r  to  th e  t r a c k  l e f t  on th e  substra tum  by su cc e ss iv e  s t ro k e s  
o f  th e  ra d u la .  The t r a c e  i s  composed o f  a s e r i e s  o f  " p r i n t s " ,  each o f  which 
corresponds to  a s in g le  r a d u la r  s t r o k e .  Each p r i n t  c o n s i s t s  o f  s ev e ra l  " sc ra tc h "  
o r  "gouge" marks l e f t  by in d iv id u a l  t e e t h  o r  cusps.
a) The "pendulum" g raz ing  t r a c e
The g raz ing  t r a c e  o f  th e  l i t t o r i n i d s  and th e  l im p e ts ,  Pci'teZZcL and AoYfiCLecCf tak es
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th e  form o f  a zigzag due t o  th e  c h a r a c t e r i s t i c  s id e - to - s id e  movement o f  th e  head 
du ring  fo ra g in g .  Ankel (1937) termed t h i s  "pendulum g ra z in g "  (F ig . 25).
In t h i s  s tudy  th e  p a t t e r n  o f  th e  pendulum t r a c e  has been examined c lo s e ly  us ing  
Aomaea te s s u ta ta .  Each s e c t io n  o f  th e  t r a c e  i s  curved, th e  concave s id e  fa c in g  
towards the  fo rag in g  an im al. During th e  fo rm ation  o f  each s e c t io n  th e  animal 
remains in  th e  same p o s i t i o n ,  w ith  only  th e  head moving. The number o f  p r in t s  
in  each s e c t io n ,  th e  d i s ta n c e  between su cc e ss iv e  p r i n t s  and th e  le n g th  o f  
su cc ess iv e  s e c t io n s ,  v a ry  du rin g  th e  normal course  o f  g ra z in g .  C onsequently ,
th e  c h a r a c t e r i s t i c  z igzag p a t t e r n  is  o f t e n  i l l - d e f i n e d .
The angle  between su cc e ss iv e  s e c t io n s  o f  th e  t r a c e  i s  in f lu e n c e d  s t ro n g ly  by 
th e  abundance o f  food on th e  su b s tra tu m . For Aomaea tessutaixx  "g raz in g "  on c lea n  
perspex , th e  an g le  between su cc e ss iv e  s e c t io n s  ranged from 20° to  25°. On perspex  
supporting  a dense p o p u la t io n  o f  d ia tom s, th e  corresponding  angle  f e l l  to  10°-15°. 
Hence abundant food sou rces  a re  u t i l i s e d  e f f i c i e n t l y  w hile  a reas  su p p o rt in g  l i t t l e  
food, a r e  t r a v e r s e d  r a p id ly .
During fo ra g in g ,  th e  s n a i l  may use th e  rad u la  t o  t e s t  th e  substra tum  f o r  th e  
p resence  or absence o f  food. On c le a n  persp ex , both  Aomaea ( p e r s . o b s .)  and 
P a te tta  ( S .J .  Hawkins, p e r s .  comm.) f r e q u e n t ly  le av e  s o l i t a r y  groups o f  two o r  
th r e e  ra d u la  p r i n t s ,  no co heren t t r a c e  being  v i s i b l e  (F ig .  26 ). S im ila r ly ,  
r e g u la r  g raz ing  movements a re  g e n e ra l ly  preceded by a few random s t r o k e s . 
N e v e r th e le ss ,  p r o t r u s io n  o f  th e  ra d u la  i t s e l f ,  i s  no t th e  most im portant means 
o f  food d e te c t io n .  Grazing t r a c e s  on a perspex  p l a t e ,  h a l f  o f  which was c lean  
w hile  th e  o th e r  h a l f  was covered w ith  a dense f i lm  o f  d ia tom s, were confined  
e n t i r e l y  to  th e  " fo u le d "  a re a ,  h a l t i n g  a b ru p t ly  a t  th e  d iv id in g  l i n e .  While 
Ankel (1938) assumed t h a t  th e  w ell developed t a c t i l e  sense  o f  th e  p a i re d  t e n t a c l e s  
was in s t ru m e n ta l  i n  food d e te c t io n ,  Bovbjerg (1968) found th a t  feed in g  behav iour 
in  lymnaeid s n a i l s  was i l i c i t e d  by c o n ta c t  s tim ulus o f  chem oreceptors in  th e  fo o t  
and head.
Although Ankel (1937) m ain ta ined  th a t  th e  r e c o g n i t io n  of mucus t r a i l s  caused 
some fo rag in g  gastropods t o  change course  and avoid p re v io u s ly  grazed  a re a s ,  o v e r ­
lapp ing  t r a c e s  were observed re p e a te d ly  in  t h i s  s tudy  w ith  both  Aâmaea (on perspex)
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F ig . 2 5 . Pendulum g raz ing  t r a c e s .
A. Acmaea tessu Z ata  x 2 0
B. PateZZa vuZgata x4 .
F ig . 2 6 . S o l i t a r y  groups o f  acmaeid g raz ing  p r i n t s  ( x l 6 )
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and L itto r ïn a  l i t to T e a  (on germ ling law ns) .  Indeed my own o b se rv a t io n s  and 
those  o f  D.P. Cheney ( p e r s .  comm.) in d ic a te  t h a t  I d tto r in a  a c t i v e l y  fo llow s mucus 
t r a i l s  encountered w hile  fo ra g in g .  Hence, pa tchy  g raz ing  i s  common even when 
food is  un iform ly  d i s t r i b u t e d  on th e  subs tra tum .
b) P a t e l l i d  g raz in g  p r i n t
Each in d iv id u a l  p r i n t  in  th e  p a t e l l i d  t r a c e ,  comprises a s e r i e s  o f  grooves 
corresponding  to  th e  in te rm e d ia te  t e e t h  and th e  dominant p lu r i c u s p id  m arg ina ls  
(F ig . 27A). As th e  ra d u la  i s  pushed across  th e  substra tum  fo u r  approx im ate ly  
p a r a l l e l  l in e s  a re  l e f t  by th e  in te rm e d ia te  t e e t h .  These a re  f lan k ed  on e i t h e r  
s id e  by a s e r i e s  o f  d iagonal grooves which curve g e n t ly  inwards and may be 
a t t r i b u t e d  to  t h e  la rg e  c e n t r a l  cusps of th e  dominant m arginal t e e t h .  Four such 
l i n e s  normally appear on e i t h e r  s id e  o f  th e  t r a c e .  Hence only  fo u r  t r a n s v e r s e  
rows o f  t e e t h  a re  a p p l ie d  to  th e  substra tum  and a re  a c t iv e  during  each s t ro k e  o f  
th e  r a d u la .  The inward s l a n t  o f  t h e  grooves p ro v id es  f u r t h e r  co n f irm a tio n  o f  
th e  observed movement o f  th e  p lu r i c u s p id  m arginals  a t  th e  apex o f th e  buccal mass -
a f e a tu r e  which E igenbrodt (1941) f a i l e d  to  re c o g n ise ,  le ad in g  him to  conclude
t h a t  th e  feed ing  appara tu s  o f  P a te l la  fu n c tio n ed  in  a s im i la r  manner to  t h a t  of 
Patina p e llu o id a ,  le av in g  a s e r i e s  o f  s i x  p a r a l l e l  grooves on th e  subs tra tum .
A s im i la r  assum ption was made by Steneck (1982).
c) Acmaeid g raz ing  p r i n t
The b lu n t ,  s h o v e l - l ik e  t e e t h  o f  th e  acmaeid, Aomaea te s s u la ta  g ive  r i s e  to  
somewhat b roader gouge marks w ith  r e l a t i v e l y  sh a rp ,  narrow i n t e r s t i t i a l  r id g e s  
(F ig . 27B) . The scoops a lso  appear deeper than  th o se  o f  P a te l la  (see S teneck ,
1982) . Movement o f  th e  m arginal t e e t h  during  g raz ing  does no t o c cu r ,  hence th e  .
g raz in g  p r i n t  simply comprises fo u r  p a r a l l e l  grooves correspond ing  to  th e  two 
in te rm e d ia te  t e e t h  and th e  two m arg in a ls .  Movement o f  th e  head f r e q u e n t ly  obscures  
t h i s  p a t t e r n ,  o f te n  r e s u l t i n g  in  a s e r i e s  o f  broken l i n e s  which appear to  be made 
by a much g r e a te r  number o f  t e e t h .
Fig . 27 . Grazing p r i n t s .
A. P a te tta  vu lg a ta  x37.
B. Aomaea te s s u la ta  x l85 .
C. L it to r ïn a  t i t t o r e a  x42.
D. L it to r in a  o b tu sa ta  x74.
- / Y '
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d) L i t t o r i n i d  g raz ing  p r i n t
In th e  l i t t o r i n i d s ,  movement o f  th e  t e e t h  on th e  b a sa l  membrane g ives  r i s e  to  
a much more complex g raz in g  p r i n t .  The movement o f  each to o th  is  th e  r e s u l t  of 
a com bination o f  two f a c to r s :  movement o f  th e  t e e t h  ( in  r e l a t i o n  to  th e  ba sa l
membrane) and movement o f  th e  feed ing  appara tus  ( in  r e l a t i o n  to  th e  su b s tra tu m ).
The l a t t e r  i s  composed o f  movement o f  th e  ra d u la ,  odontophore (see S ec tion  4 .3 .2 )  
and muzzle. When th e  c e n t r a l ,  r a c h id ia n  to o th  reaches  th e  c a r t i l a g e  edge i t  is
p u l le d  ac ro ss  th e  substra tum  leav in g  a s h o r t  s c r a tc h  mark. The c e n t r a l  l i n e  of 
th e  g raz ing  p r i n t  c o n s i s t s  o f  th e  t r a c e s  l e f t  by su cc e ss iv e  r a c h id ia n  t e e t h .  
I n i t i a l l y  th e se  marks produce a continuous l i n e .  This co rresponds  to  th e  b r i e f  
v e n t r a l  movement o f  th e  bending p lan e  d e sc r ib ed  in  S ec tio n  4 . 3 . 2 . At t h i s  s ta g e ,  
only  th e  l i f t i n g  o f  th e  muzzle moves th e  t e e t h  in  r e l a t i o n  t o  th e  substra tum .
As th e  e n t i r e  odontophore beg in s  t o  r e t r a c t ,  however, th e  s c ra tc h e s  become lo n g e r  
and the gaps between s c ra tc h e s  become more d i s t i n c t  (F ig . 27 C,D) . During each 
g raz ing  s t ro k e ,  13-14 t r a n s v e r s e  rows o f  t e e t h  a re  a p p l ie d  to  th e  substra tum . 
O c ca s io n a lly ,  th e  e n t i r e  l i t t o r i n i d  p r i n t  curves to  th e  s id e  as a r e s u l t  o f  a 
sideways movement o f  th e  muzzle during  th e  g raz in g  s t ro k e  (F ig .  28).
The p a t t e r n  made by th e  m arginal and in te rm e d ia te  t e e t h  i s  more e la b o r a te  as 
a r e s u l t  o f  th e  r o t a t i o n  and fo ld in g  which occurs  as th e  t e e t h  c ro s s  th e  bending 
p la n e .  Each l a t e r a l  to o th  i s  sp layed  to th e  maximum degree  when th e  cusps c o n ta c t  
t h e  su b s tra tu m . As th e  t e e t h  c ro ss  th e  bending p lan e  th ey  b eg in  to  c lo s e ,  fo ld in g  
in  towards th e  m id - l in e .  Hence a l l  th e  l a t e r a l  t e e t h  le av e  d iagonal or cu rv ing  
t r a c e s .
In  each t r a n s v e r s e  row th e  o u te r  m arginal to o th  i s  f i r s t  t o  touch the  
substra tum  and has f u r t h e s t  to  move to  r e tu r n  to  th e  fo ld e d ,  r e s t i n g  p o s i t i o n .
The to o th  r o t a t e s  as i t  fo ld s  inw ards , drawing a long curve which runs  towards 
th e  m id - l in e .  The in n e r  m arginal t e e t h  and th e  in te rm e d ia te  t e e t h  do not r o t a t e  
in  th e  same manner. They do, however, fo ld  in  towards t h e  r a c h id ia n  to o th  as 
th ey  c ro ss  th e  edge o f  t h e  c a r t i l a g e .  The r e s u l t i n g  marks on th e  substra tum  
c o n s i s t  o f  d iagonal l i n e s  o f  v a ry in g  le n g th .
The cusps o f  th e  in te rm e d ia te  t e e t h  le av e  one o r  more l i n e s  on e i t h e r  s id e  o f
#
Fig . 28. Grazing p r i n t  o f  L itto r in a  t i t t o r e a y showing sideways 
tw is t  in  response  to  movement o f  the  muzzle (x4 5 ) .
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th e  m id - l in e ,  th e  lo n g e s t  (o u te r)  s c r a tc h  being  a t t r i b u t a b l e  to th e  l a r g e s t  cusp . 
The in n e r  m arginal t e e t h  le av e  a s im i la r  d iagonal t r a c e  which c o n s i s t s  of a 
s o l i t a r y  s c r a tc h  mark in  the  f l a t  w inkle  (F ig . 27D) bu t may comprise two p a r a l l e l  
l in e s  corresponding  to  th e  two l a r g e s t  cusps i n  th e  common w inkle  (F ig . 27C).
This i s  a p p a ren t ly  t h e  s o le  j u s t i f i c a t i o n  fo r  S teneck and W a tl in g 's  (1982) 
a s s e r t i o n  t h a t  th e  r a d u la  o f  L. t i t t o r e a  has a g r e a t e r  number o f  fu n c t io n a l  p o in ts  
touching th e  substra tum  th a n  L. o b tu sa ta  and L. m ariae. In  one re s p e c t  th e  
p r i n t s  o f  th e  f l a t  w ink le  and th e  common w ink le  d i f f e r  q u i t e  m arkedly. The broad, 
b lu n t  cusps of th e  f l a t  w inkle  le a v e  much wider and more d i s t i n c t  s c r a tc h  marks.
The r a c h id ia n  to o th  and th e  in te rm e d ia te  to o th  in  p a r t i c u l a r ,  leave  very  w e l l -  
d e f in ed  marks. The two sp ec ie s  o f  f l a t  w ink le  produce id e n t i c a l  p r i n t s .
4 .4 .2 .  Grazing damage
As th e  exam ination  o f  r a d u la r  s t r u c t u r e  and fu n c t io n in g  p r e d i c t s ,  th e  feed ing  
t r a c e  d i f f e r s  markedly amongst th e  t e s t  s p e c ie s .  As a r e s u l t ,  i t  i s  l i k e l y  t h a t  
d i f f e r e n t  forms of damage may c h a r a c t e r i s e  g raz in g  by each m o llu sc .  Furtherm ore , 
d i f f e r e n c e s  in  th e  e f f i c i e n c y  o f  g raz in g  may be a n t i c ip a te d  on a v a r i e t y  o f  
p o t e n t i a l  foods.
a) P a t e l l i d  damage
The d i e t  o f  th e  p a t e l l i d  l im pe ts  i s  composed predom inantly  of a lg a l  germ lings , 
u n i c e l l u l a r  a lg ae  and diatoms (Graham, 1932; Jo n es ,  1946; Purchon, 1968).
Germling lawns c u l tu re d  during  th e  germling cho ice  experim ents re p o r te d  in  Chapter 
5, were used to  a s s e s s  th e  damage in c u r re d  fo llow ing  g ra z in g  by P a te lla  vu lg a ta , 
Enteromorpha and G igartina  germ lings were grown to  a mean ( e r e c t )  t h a l l u s  le n g th  
o f  approx im ate ly  1mm on g la s s  m icroscope s l i d e s .  Grazing by b o th  sp ec ie s  
r e s u l t e d  in  th e  removal of th e  e n t i r e  t h a l l u s ,  in c lu d in g  th e  c h a r a c t e r i s t i c  ba sa l  
d is c s  o f  th e  G igartin a  ge rm lings . The lawns were grazed m e th o d ic a l ly ,  P a te lla  
u s u a l ly  working from one end o f  th e  s l i d e  to  the  o th e r .
D esp ite  th e  apparen t p reponderence  o f small items in  th e  d i e t ,  g raz ing  o f
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macroalgae does o ccu r .  Orton (1914) observed P a te lla  e a t in g  fo od -pa ths  through 
a sward o f  green a lg ae ,  w hile  Jones (1948) confirmed F i s c h e r - P i e t t e ' s  o b se rv a t io n s  
o f  p a t e l l i d  g raz ing  o f  th e  a d u l t  fu co id s  A sooph yllim , Fueus v e s ie u lo su s  and F.
s p i r a l i s .  F u r th e r  ev idence o f  m acroalgal g raz ing  has  been observed  in  th e  F i r t h
o f  Clyde by th e  au th o r  and was reco rd ed  by Davis and F leu re  (1903) ( c i t e d  by Jo n es ,
1948) and by Conway (1946) and Southward (1962).
In  th e  l a b o ra to ry ,  specimens o f  P. vu lga ta  kept in  c le a n ,  a e r a te d  sea -w a te r  
ta n k s ,  w i l l  consume most sp ec ie s  o f  macroalga f a i r l y  r e a d i l y .  F ig .  29 i l l u s t r a t e s  
ty p ic a l  p a t e l l i d  g raz in g  damage on an Asoophyllvm  f ro n d . Two forms o f  damage a re  
apparen t :
1 ) Pale  a reas  i n  t h e  c e n tre  o f  th e  f ro n d  formed by s c rap in g  th e  t h a l l u s .  Here, 
th e  fo o t  p in s  th e  t h a l l u s  down w h ile  th e  r a d u la  performs a s e r i e s  o f  s t r o k e s ,  
fu n c t io n in g  i n  th e  manner employed during  normal g raz ing  on th e  rock  substra tum .
2) E rosion  along th e  edge of th e  t h a l l u s .  Damage o f  t h i s  n a tu re  has been 
re p o r te d  i n  th e  f i e l d  by Southward (1962) and is  probab ly  th e  r e s u l t  o f  a " b i t in g "  
motion o f  th e  ra d u la  in v o lv in g  th e  a n t e r i o r l y  p la ce d ,  c u t i c u l a r  jaw. Here the  
jaw may fu n c t io n  as a c u t t i n g  edge a g a in s t  which th e  bucca l mass p re s se s  th e  a lg a l  
t h a l l u s ,  caus ing  chunks o f  m a te r ia l  to  be sheared  o f f  by su cc e ss iv e  rows o f  t e e t h .  
No evidence o f  a comparable mechanism was apparen t in  th e  docoglossan  acmaeids, 
w h ile  g raz ing  o f  AsQophyllum by t h e  l i t t o r i n i d s  (F ig s .  33,37) was r e s t r i c t e d  to  
s c r a tc h  marks on th e  s u r fa c e  o f  th e  fro n d . N e ith e r  Acmaea no r  L itto r in a  possess  
a jaw.
b) L i t t o r i n i d  damage
Grazing o f ju v e n i le  Enteromorpha y Ulva and Fuous se r ra tu s  by b o th  L it to r in a  
l i t t o r e a  and L, o b tu sa ta , was s im i la r  to  t h a t  re p o r ted  f o r  P a te l la .  The e n t i r e  
t h a l lu s  was removed, even on s l i d e s  r e t a in e d  u n t i l  th e  average  th a l l u s  le n g th  
reached  2-3 mm. Asoophyllum  and Fuous germlings were a lso  f r e q u e n t ly  d is lodged  
by non-feed ing  s n a i l s  simply c raw ling  ac ro ss  th e  s l i d e s .  With ju v e n i le  
G ig a rtin a , a red  a lg a ,  b o th  th e  e r e c t  frond and th e  b a sa l  d i s c  were g e n e ra l ly  
d e s tro y ed , a lthough  o c c a s io n a l ly  th e  d is c s  were l e f t  undamaged w hile  th e  fronds
F ig .  2 9 . P a te lla  vu lg a ta  g raz ing  damage on Asoophyllum  f ro n d .
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were broken o f f .  This was more o f t e n  caused by th e  fo o t  o f  a fo ra g in g  s n a i l  
than  by th e  r a d u la .  Foraging on germ ling lawns tended to  be  l e s s  m ethodical 
th an  observed fo r  P a te l la .  Grazing t r a c e s  f r e q u e n t ly  wandered o b l iq u e ly  across  
th e  s l i d e s  leav ing  bands o f  undamaged germ lings (F ig . 30 ) .
M acroalgal g raz in g  by L itto r in a  l i t t o r e a  simply c o n s i s t s  o f  sc rap in g  th e  
t h a l l u s  w ith  su cc e ss iv e  rows o f  t e e t h .  The ra c h id ia n  and l a t e r a l  t e e t h  sc rap e  
ac ro ss  th e  s u r fa c e  o f  t h e  a lg a  and the  c h a r a c t e r i s t i c  inward fo ld in g  o f  th e  
l a t e r a l s  a t  th e  bending p la n e ,  ensures th a t  loose  m a te r ia l  i s  brushed toward the  
c e n t r e  o f  th e  r a d u la  and c a r r i e d  in to  th e  bucca l c a v i t y .  When feed ing  on the  
d e l i c a t e ,  f o l i o s e  s p e c ie s ,  th e  c e n t r a l  r a c h id ia n  to o th  t e a r s  th e  frond  very  
e f f e c t i v e l y .
When th e  w ink le  a c t u a l l y  occupies th e  lam ina on which i t  i s  fe e d in g ,  a b ra s io n  
by th e  r a d u la r  t e e t h  i n i t i a l l y  causes damage to  th e  c e n t r e  o f  th e  t h a l l u s .  F ig .
31 i l l u s t r a t e s  p ro g r e s s iv e  s ta g e s  o f  g raz in g  on Fuous s e r ra tu s  and F ig . 32 shows 
damage o f th e  same type  s u s ta in e d  by Ulva laotuoa.
The common w inkle  only r a r e l y  feeds on Asoophyllum. The frond  p ic tu re d  in  
F ig . 33 was no t grazed  u n t i l  t h e  s n a i l s  had s ta rv e d  f o r  40-50 days. In d iv id u a l  
r a d u la  marks can be d i s t in g u is h e d  w ith in  th e  grazed a re a .  In t h i s  in s ta n c e ,  no 
a d d i t io n a l  damage was reco rded  te n  days a f t e r  th e  i n i t i a l  appearance o f  sc rap e  
m arks. . .
Where th e  t h a l lu s  i s  t h in  (p e rm it t in g  ra p id  excava tion ) o r  narrow (p rev en tin g  
th e  e n t i r e  fo o t  from r e s t i n g  on th e  frond) g raz ing  damage may appear to  ta k e  a 
s im i l a r  form to  th e  b i t e s  d e sc r ib e d  p re v io u s ly  f o r  P a te l la  (F ig s .  3 4 ,3 5 ) .
However, such damage i s  caused e i t h e r  by g radual a b ra s io n  o f  th e  t h a l l u s  from th e  
edge inwards o r  by t e a r in g  th e  frond  and no t  by th e  b i t i n g  motion observed in  the  
p a t e l l i d s .
As th e  f l a t  w in k le s ,  L itto r in a  o b tu sa ta  and L. m ariae, u t i l i s e  th e  seaweed 
lamina bo th  as a food source  and as a h a b i t a t ,  g raz ing  i s  seldom i n i t i a t e d  a t  th e  
margin o f  th e  f ro n d .  Indeed feed in g  on Fuous spp, o f t e n  leaves  a c h a r a c t e r i s t i c  
" r i b "  o f  ungrazed m a te r ia l  a long th e  t h a l l u s  edge (F ig . 36 ) .  Trimming o f  th e  
bo rde rs  (as i n  F ig .  37) only  occurs on e x c e p t io n a l ly  narrow fronds  which a re  in
F ig . 30 . Lawn o f  germling Ulva showing s ig n s  of g raz ing  
by L itto r in a  t i t t o r e a .
F ig . 51. P ro g re ss iv e  s tages  o f  common winkle g raz ing  damage 
to  Fuous se r ra tu s  t h a l l u s .
\Fig- 32. Common winkle g raz ing  damage to  mature Ulva.
Fig- 35 . Common winkle g raz ing  p r i n t s  on an Asoophyllum  frond
F ig . 54. L it to r in a  l i t t o r e a  g raz ing  damage to f e r t i l e  
Fucus se r ra tu s .
F ig . 55. Evidence o f  common winkle g raz ing  on P e lv e t ia .
Fig . 5 6 . D e s tru c t io n  o f  fu co id  th a l l u s  by L itto r in a  ob tu sa ta ,
A.
B.
F ig . 57. L itto r in a  o b tu sa ta  g raz in g  damage to  AsoophyHwn,
A. Radula marks on c e n t r a l  t h a l l u s .
B. Grazing i n i t i a t e d  a t  th a l lu s  edge.
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any case  g e n e ra l ly  ignored  u n le s s  no a l t e r n a t i v e  food source  i s  a v a i l a b le .
The b lu n t  t e e t h  pe rm it r a p id  excava tion  of th e  s o f t e r  i n t e r n a l  t i s s u e  o f  th e  
fu co id  t h a l l i .  Although th e  tougher o u te r  e p i t h e l i a l  l a y e r  must be breached to 
allow access  to  th e  in n e r  t i s s u e s  i t  i s ,  t h e r e a f t e r ,  r a r e l y  consumed (F ig . 36 ) .
4 .5 .  D iscussion
The grouping o f  gastropods  accord ing  to  th e  fu n c t io n in g  o f  th e  r a d u la  i s  
common in  th e  l i t e r a t u r e .  Ankel (1936, 1938) and E igenbrodt (1941) f i r s t  
d e sc r ib e d  th e  " r i g i d  t e e t h  r a d u la "  o f  th e  docoglossan  l im pe ts  and th e  " sp lay  t e e t h  
ra d u la "  o f  t h e  l i t t o r i n i d s ,  w hile  Purchon (1968) c l a s s i f i e s  b o th  L itto r in a  and 
P a te lla  as " r a s p e r s "  o f  a lg a e .  More r e c e n t ly ,  S teneck and W atling (1982) d iv id ed  
th e  gastropod  h e rb iv o re s  in to  t h r e e  groups corresponding  to  th e  r h ip id o g lo s s a ,  
ta e n io g lo s s a  and d o co g lo ssa .  The ra d u la e  were d e sc r ib e d  r e s p e c t iv e ly  as "brooms", 
" ra k es"  and " sh o v e ls " .
D iv is io n s  o f  t h i s  n a tu r e  a re  u s e fu l  g e n e r a l i s a t io n s  which p ro v id e  a g rap h ic  
d e s c r ip t i o n  o f  th e  r a d u la  and an i n t u i t i v e  i n s ig h t  in to  fo ra g in g  h a b i t s  and food 
p re fe re n c e s .  N ev e r th e le s s ,  th e  l im i t a t i o n s  o f  such r i g i d  c l a s s i f i c a t i o n  must be 
recogn ised . The ta e n io g lo s s a n  ra d u la  o f  L it to r in a ,  f o r  example, i s  a h ig h ly  
v e r s a t i l e  s t r u c t u r e  a b le  to  u t i l i s e  e f f i c i e n t l y  a wide v a r i e t y  o f  food re s o u rc e s .  
While th e  mechanics o f  th e  r a d u la r  s t ro k e  remain th e  same, th e  fu n c t io n  and 
im portance o f  each to o th  changes accord ing  to  th e  n a tu re  o f  th e  food. As Purchon 
(1968) su rm ises , th e  w ink le  i s  a b le  to  feed  on many o f  th e  p e re n n ia l  m acroalgae 
simply by ra sp in g  th e  s u r fa c e  o f  th e  t h a l lu s  w ith  th e  r a d u la .  The b lu n t  sh o v e l­
l i k e  t e e t h  of L itto r in a  ob tu sa ta  and L. mccriae a re  p a r t i c u l a r l y  adep t a t  gouging 
m a te r ia l  from th e  l e a t h e r y  fu co id  t h a l l i  and can excavate  th e  lamina w ith  
rem arkable r a p i d i t y .  The f l a t  w inkles a re ,  however, l e s s  accomplished feed e rs  
on f o l i o s e  a lg ae ,  which r e q u i r e  th e  t h a l l u s  to  be to r n  by sharp  cu sp s .  N everthe­
l e s s ,  th e  g en e ra l  body p la n  o f  th e  v a r io u s  l i t t o r i n i d s  is  p robab ly  as im portan t 
in  de te rm in ing  fo rag in g  s t r a t e g y  as th e  s t r u c t u r e  o f  th e  r a d u la  i t s e l f .  The la rg e  
s i z e  o f  th e  fo o t  i n  r e l a t i o n  to  th e  s h e l l ,  enables th e  f l a t  w ink le  to  occupy th e
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t h a l l u s  and m a in ta in  t h i s  p o s i t i o n  when th e  a lg a  i s  submerged and s u b je c t  to 
d is tu rb a n c e  by w a te r  movement. The common w inkle , on th e  o th e r  hand, i s  r e a d i l y  
d is lo d g e d  by th e  s l i g h t e s t  p e r tu r b a t io n  - whether a r t i f i c i a l  o r  n a tu r a l  - and 
consequen tly , i s  con fined  la r g e ly  to  th e  rock  substra tum  when submerged and 
a c t i v e .
To perm it e f f e c t i v e  g raz in g  o f  th e  f o l i o s e ,  ephemeral a lg a e ,  th e  f o o t  must 
hold th e  lamina down w h ile  the  t e e t h  t e a r  th rough  th e  th in  t h a l l u s .  The 
s t a t i o n a r y  r a c h id ia n  to o th  seems w ell s u i t e d  to  perform  th e  l a t t e r  fu n c t io n .
In L itto r in a  t i t to r& x  i t  has a very  sharp  and d i s t i n c t  c e n t r a l  cusp which te a r s  
th e  t h a l l u s  w ith  g r e a t  e f f i c i e n c y .
The c h a r a c t e r i s t i c  c o l la p s e  and r o t a t i o n  o f  th e  l i t t o r i n i d  l a t e r a l  t e e t h  as 
su cc e ss iv e  rows approach the  apex o f  th e  b ucca l mass, i s  a r e l i c  o f  th e  more 
p r im i t iv e  rh ip id o g lo s s a n  ra d u la .  The inward sweep o f  th e  l a t e r a l  t e e t h  can be 
used  bo th  to  s c rap e  and to  b ru sh  th e  substra tum . Whether L itto r in a  i s  a b le  to  
" sc rap e"  and "brush"  d i s c r im in a te ly ,  however, i s  open to  q u e s t io n .
During g raz ing  on ju v e n i le  a lg a e  in  th e  la b o ra to ry ,  clumps o f  germ lings a re  
swept towards th e  c e n t r a l  r a c h id ia n  to o th  and trap p ed  in  the  r a d u la r  groove as 
th e  ra d u la  i s  withdrawn in to  th e  bucca l c a v i ty .  I t  i s  t h i s  sweeping motion 
which enab les  th e  f l a t  w inkles  to  remove ep ip h y te s  from the  fu co id  t h a l l i .  Indeed 
where diatoms and e p ip h y t ic  m ic roa lgae  a re  abundant, th e se  may c o n s t i t u t e  the  
major p a r t  o f  th e  d i e t  and in g e s t io n  o f  m acroalga l m a te r i a l  may be c o in c id e n ta l .
Sweeping o f  th e  s to n e  substra tum  p ro v id e s  th e  common winkle w ith  a mixed d i e t  
o f  m ic ro a lg ae ,  ge rm lings , diatoms and d e t r i t u s .  The brush ing  a c t io n  of the  
l a t e r a l  t e e th  g a th e r s  loose  d e t r i t u s  very e f f i c i e n t l y  and t h i s  may form a much 
more im portan t component of th e  d i e t  than  p re v io u s ly  reco g n ise d .  C e r ta in ly  the  
common winkle  i s  unusual in  i t s  a b i l i t y  to  s u rv iv e  and indeed o f te n  to  t h r i v e ,  
on m u d fla ts  (p e r s .  o b s . ;  Ankel, 1937) where p a r t i c u l a t e  d e t r i t u s  i s  the  major 
sou rce  o f  food. In th e  F i r t h  o f  Clyde, many sho res  comprise p redom inan tly , 
v a s t  expanses of mud f l a t  broken by o c ca s io n a l  b o u ld e rs .  In th e se  c ircu m stan c es ,  
th e  bou lders  form re fu g es  where w ink les  co ng rega te  when th e  t i d e  re c e d e s ,  fo rag in g
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excu rs ions  onto th e  s u r f a c e  of th e  mud o ccu rr in g  as th e  t i d e  r i s e s .  The gut 
c o n ten ts  of th e se  specimens ap p ea rs  to  be i d e n t i c a l  in  com position  to  the  
s u r fa c e  mud i t s e l f  (p e rs ,  o b s . ) .
The absence of chemical hardening  in  th e  d e n t i c l e s  i s  a f u r t h e r  in d ic a t io n  
o f  th e  r e l a t i v e  im portance  of th e  b rush ing  a c t io n  o f  th e  r a d u la .  F o rce fu l  
s c rap in g  o f  s to n e  s u b s t r a t a  would p robab ly  cause ex cess iv e  wear to  th e  t a e n io ­
g lo ssan  r a d u la ,  though t h i s  may be c o u n te ra c te d  to  some e x te n t  by th e  len g th  o f  
th e  ra d u la  and th e  r a t e  o f  rep lacem ent o f  th e  t e e t h .  P e lsen ee r  (1935) ( c i te d  
by F r e t t e r  and Graham, 1962) reco rded  a mean r a d u la r  len g th  to  s h e l l  le n g th  r a t i o  
o f  2.00 f o r  th e  common w inkle . This compares w ith  1.80 f o r  P a te tta  vu lg a ta . 
Comparison o f  th e  l i t t o r i n i d  feed ing  ap p ara tu s  w ith  th e  more p r im i t iv e  
rh ip id o g lo ssa n  r a d u la  su g g es ts  t h a t  two d i s t i n c t  f a c to r s  a r e  in s tru m e n ta l  in  
th e  in c re a se d  v e r s a t i l i t y  o f  th e  ta e n io g lo ssa n s :
i )  A re d u c t io n  in  the  number o f  m arg inal t e e t h ,  
i i )  A lo s s  o f  a n c i l l a r y  muscles used to  a d ju s t  r a d u la r  te n s io n  and p o s i t i o n ,  
s h i f t i n g  th e  emphasis from p o s i t i o n a l  ad ju stm en ts  o f  the  r a d u la  to  the  
fo rc e  w ith  which th e  r a d u la  i s  ap p lied  to  th e  substra tum  (Steneck and 
W atling, 1982).
N isbet (1953), commenting on th e  i n a b i l i t y  o f  Monodonta l in e a ta  t o  consume a d u l t  
Ulva or Enteromorpha, concludes t h a t  th e  c u t t in g  edges o f  th e  r a c h id ia n  and 
in te rm e d ia te  t e e t h  a r e  ren d e red  o b s o le te  by th e  v a s t  a r ra y  o f  sm all m arginal 
t e e t h  designed  to  sweep lo o se  d e b r is  towards th e  m id - l in e .  The m arginal t e e t h  
a re  no t  a t ta c h e d  d i r e c t l y  t o  th e  b a s a l  membrane b u t  a re  in s t e a d ,  a t ta c h e d  to  a 
s e p a ra te  c h i t in o u s  s t r i p  which i s  in s e r te d  in to  th e  ra d u la .  C onsequently , when 
Monodonta a t te m p ts  to  feed  on t h i n  f o l i o s e  t h a l l i ,  th e  lamina "may be dimpled 
in to  th e  mouth as many as s ix  times a t  the  same spo t on th e  f ro n d , w ithou t causing  
any v i s i b l e  damage" (N isb e t ,  1953).
In c o n t r a s t  to  th e  v e r s a t i l e  ta e n io g lo s s a n  r a d u la ,  th e  docoglossan  rad u la  
o f  th e  archaeogastropod  lim p e ts  i s  a h ig h ly  s p e c ia l i s e d  s t r u c t u r e  designed  
p r im a r i ly  to  sc rap e  m ic roa lgae  and diatoms from th e  su b s tra tu m . Each pigmented 
fu n c t io n a l  to o th  i s  l a r g e  and h e a v i ly  b u i l t  and d p iy th e  dominant m arginal r e t a i n s
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any v e s t ig e  o f  th e  m o b i l i ty  m an ife s t  in  rh ip id o g lo ssa n  and ta e n io g lo s s a n  l a t e r a l s .  
The working p la c e  l i e s  m orp h o lo g ica lly  a n t e r i o r  to  th e  bending p lane  ( F r e t t e r  and 
Graham, 1962) and a la rg e  p a r t  of th e  u n d e rs id e  o f  th e  p r o t r a c t in g  bucca l mass i s  
ap p l ie d  to  th e  substra tum  d u r in g  each g raz in g  s t ro k e .  Consequently , the  
m uscu la tu re  a s s o c ia te d  w ith  th e  r a d u la  i s  p a r t i c u l a r l y  w ell developed , f i v e  p a i r s  
o f  c a r t i l a g e  re p la c in g  th e  two p a i r s  found in  most o th e r  p rosobranchs ( F r e t t e r  
and Graham, 1962). The su p e r io r  ra sp in g  c a p a b i l i t y  o f  th e  l im p e t r a d u la  i s  
f u r th e r  augmented by th e  occurrence  o f  ha rden ing  agents  on th e  d i s t a l  p o r t io n s  o f  
th e  t e e t h .
The advantages o f  s p e c i a l i s a t i o n  a re  o f f s e t  to some e x te n t  by th e  in e v i t a b le  
p re d a to r /p re y  dependency which r e s u l t s .  The abundance o f  m icroa lgae  and diatoms 
i s  seasonal and s u b je c t  to  s u b s t a n t i a l  f l u c t u a t i o n  (see  C as tenho lz , 1961;
Steneck, 1982) and consequen tly  i t  i s  im portant t h a t  th e  l im p e t  should  be ab le  to  
u t i l i s e  a l t e r n a t i v e  food sources  when n e ce ssa ry .  R eports  o f  l im pet g raz ing  
damage on th e  shore  t e s t i f y  to  th e  p e r io d ic  consumption o f  m acroalgal fo o d s .
The body p la n  and s iz e  o f  th e  a d u l t  p a t e l l i d ,  however, a r e  n o t  w e ll  s u i te d  to  
fo rag in g  on m acrophytic  t h a l l i  and g ra z in g  o f  t h i s  n a tu re  p robab ly  occurs  only  
when o th e r  food sources a re  s ca rce .
The ta e n io g lo s s a n  and docoglossan  ra d u la e  both d is lo d g e  a lg a l  germ lings w ith  
consummate ease . The l i n p e t ,  however, tends  to graze  germ ling  lawns with 
s u p e r io r  e f f i c i e n c y .  P a te lla  a c t i v e l y  avo ids  p re v io u s ly  g razed  a re a s  whereas 
l i t t o r i n i d  g raz ing  t r a c k s  f r e q u e n t ly  o v e rlap  and fo llow  each o th e r  c lo s e ly .  I t  
i s  p o s s ib le  t h a t ,  on encoun te ring  e x is t in g  mucus t r a i l s ,  th e  t e r r i t o r i a l  P a te lla  
(see Stimson, 1970) r e a c t s  in  a d i f f e r e n t  manner to  the  more g reg a r io u s  L itto r in a  
(see Ankel, 1937).
Although th e  common winkle i s  a much more v e r s a t i l e  f e e d e r ,  th e  b a s ic  
components o f  th e  d i e t  a r e ,  more o f te n  th an  n o t ,  very  s im i la r  to  th o se  of P a te l la .  
In many ways, th e  feed ing  ap p a ra tu s  and mode o f  g raz ing  o f  th e  two sp ec ie s  p rov ide  
a good example o f  how an e v o lu t io n a ry  problem may be so lved  s a t i s f a c t o r i l y  in  a 
number of d i f f e r e n t  ways. D esp ite  having vexy d i f f e r e n t  ra d u la e ,  both sp ec ie s  
graze  a lg a l  ge rm lings , diatoms and m ic roa lgae  e f f i c i e n t l y ,  though th e  hardened
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d e n t ic le s  o f  th e  docoglossan r a d u la  may enab le  F a te tla  to  e x p lo i t  th e  m ic ro f lo ra  
on h a rd e r  rock s u b s t r a t a  where th e  l i t t o r i n i d  ra d u la  would in cu r  ex cess iv e  wear.
Successfu l fo rag in g  on th e  rock  s u r f a c e ,  r e l i e s  h e a v i ly  on th e  e f f i c i e n t  
g a th e r in g  o f  r e l a t i v e l y  sm all food p a r t i c l e s .  The inward sweep o f  th e  l a t e r a l  
t e e t h  on th e  ta e n io g lo s s a n  r a d u la  ensures t h a t  d is lo d g ed  food does n o t  escape 
and i s  t r a n s p o r te d  r a p id ly  towards th e  b ucca l c a v i ty .  In Pate^Z a, however, th e  
pigmented fu n c t io n a l  t e e t h  do not move s u b s t a n t i a l l y  on th e  b a sa l  membrane.
I t  has been suggested  t h a t  th e  unpigmented o u te r  m arg ina l t e e t h  may f u l f i l  the  
c o l l e c t i n g  fu n c t io n  o f  th e  ta e n io g lo s s a n  l a t e r a l s ,  b u t  exam ination o f  th e  
s e q u e n t ia l  photographs p re sen te d  in  S ec tio n  4 . 3 . 1 . ,  F ig .  22 su g g es ts  t h a t  th e se  
t e e t h  do n o t ,  i n  f a c t ,  touch  th e  substra tum  during  g raz ing  and a r e ,  co n seq u en tly ,  
n o n - f u n c t io n a l .
The p a t e l l i d  r a d u la  th e n ,  must employ an a l t e r n a t i v e  means o f  ensu r ing  t h a t  
food p a r t i c l e s  loosened  by th e  t e e t h  a re  ensnared and d e l iv e re d  s a f e ly  to  the  
bucca l c a v i t y .  In  t h i s  co n tex t  th e  hardening o f  th e  d e n t i c l e s  may be p a r t i c u l a r l y  
im p o rtan t.  The fu n c t io n a l  t e e t h  a r e  both  immobile and widely spaced and g raz in g  
p r i n t s  show c l e a r ly  th e  i n t e r s t i t i a l  r id g e s  between in d iv id u a l  s c r a tc h e s .  Hence 
f i lam en tous  m icroa lgae  and germ lings may be expected to  s l i p  between th e  t e e t h .  
However, on a l l  bu t  th e  h a rd e s t  s u b s t r a t a ,  th e  s t ren g th en ed  d e n t i c l e s  a c tu a l ly  
gouge m a te r ia l  from th e  rock  s u r fa c e  w hile  fo rag in g , e f f e c t i v e l y  '^uprooting" th e  
a t ta ch e d  m ic ro f lo ra  to g e th e r  w ith  chunks o f  the  m inera l su b s tra tu m . In t h i s  
way, F a te tta  in c re a s e s  th e  s i z e  o f  p a r t i c l e s  in g e s ted  and m inim ises th e  p o s s i b i l i t y  
o f  food s l ip p in g  between th e  t e e t h .
Basic d i f f e r e n c e s  i n  t h e  body p la n  o f  th e  two sp ec ie s  may a lso  be o f  some 
s ig n i f i c a n c e .  In  c o n t r a s t  to L'it'bOTina, th e  head o f  FateVia  i s  surrounded by 
th e  s h e l l  bo th  a t  r e s t  and when g ra z in g .  This probab ly  reduces  the' l ik e l ih o o d  
o f  lo o se  p a r t i c l e s  be ing  washed o u t  o f  re ach  of th e  ra d u la .
In th e  acmaeids, th e  docoglossan  ra d u la  becomes s t i l l  more h ig h ly  s p e c ia l i s e d .  
The d e n t i t i o n  i s  reduced  and th e  ra d u la  has fewer p o in ts  o f  c o n ta c t  w ith  the  
substra tum . Each to o th  i s  sh o r t  and b lu n t  and is  a l ig n e d  p e rp e n d ic u la r  to  th e  
substra tum . A ll  t e e t h  remain s t a t i o n a r y  on th e  b a sa l  membrane. These f e a tu r e s
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allow  Aamaea t o  excavate  c o r a l l i n e  c e l l s  e f f i c i e n t l y ,  b u t  may a lso  reduce  the  
l im p e t ' s  a b i l i t y  to  in g e s t  f ilam entous  and u n i c e l l u l a r  a lg ae  s in c e  th e  a rea  o f
c o n ta c t  i s  sm all and la rg e  gaps e x i s t  between te e th  (S teneck , 1982).
Such a h igh  degree  o f  s p e c i a l i s a t i o n  i s  p e rm it ted  by th e  abundance and
dependency o f  th e  c ru s to s e  a lg ae  on which Aamaea c h a r a c t e r i s t i c a l l y  f e e d s .  In
a d e t a i l e d  survey o f  th e  e x i s t in g  l i t e r a t u r e ,  Steneck and W atling (1982) found no 
re c e n t  r e f e re n c e  to  m acrophytic  g raz ing  by A, tessuZata*  My own o b se rv a t io n s  
i n  th e  l a b o ra to ry ,  sugges t  t h a t  m acroalgae a r e  not grazed and t h i s  i s  f u r th e r  
supported  by th e  experim ents o f  S teneck (1982). The a c o u s t ic  techn iques  used 
by K i t t in g  (1979) in d ic a te  t h a t  m icroscop ic  ep iphy tes  a re  seldom consumed as a 
d i s t i n c t  food item , b u t  a re  in g e s te d  c o in c id e n ta l ly  w ith  p ie ce s  o f  e n c ru s t in g  
a lg a .  K i t t in g  worked predom inantly  w ith  Aamaea aauizm.
I t  would appear,  t h e r e f o r e ,  t h a t  Aamaea i s  q u i t e  d i f f e r e n t  from bo th  
L'tttor-ina  and PatsZZa. I t  i s ,  as Steneck (1982) concludes , a t ro p h ic  s p e c i a l i s t
"adapted  t o  g raze  low q u a l i t y ,  abundant and tem pora lly  p r e d i c t a b l e  foods in  
p re fe re n c e  to  o th e r  l e s s  abundant o r  u n p re d ic ta b le  foods o f  h ig h e r  q u a l i t y " .
I t  i s  no co inc idence  t h a t  Aamaea^ th e  s p e c i a l i s t ,  should occur low down th e  
shore and in  th e  s u b l i t t o r a l ,  where p h y s ica l  co n d i t io n s  a re  l e s s  ex ac tin g  and 
l e s s  changeab le . The common w in k le ,  L'ittorZna l ï t t o r e a ,  has a much w ider i n t e r ­
t i d a l  range and encoun ters  a g r e a t e r  v a r i e t y  o f  p h y s ica l  c o n d i t io n s  which 
f l u c t u a t e  b o th  d iu r n a l ly  and s e a s o n a l ly .  The feed ing  a p p a ra tu s  o f  Litto i*ina  
i s  consequently  b e t t e r  equipped to  u t i l i s e  a wide v a r i e t y  o f  food so u rc e s ,  r e ly in g  
on a p o l ic y  o f  opportunism  as opposed to  s p e c i a l i s a t i o n .
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CHAPTER 5 : FOOD PREFERENCES
The com position  of an a n im a l 's  d i e t  i s  o f  fundamental b io lo g ic a l  and 
e co lo g ica l  s ig n i f i c a n c e .  As most organisms choose t h e i r  p rey  from a broad 
spectrum of p o t e n t i a l  food s o u rc e s , th e r e  i s  o f te n  c o n s id e ra b le  scope f o r  
s e l e c t i v i t y .  The l i t e r a t u r e  concerning  p r e f e r e n t i a l  g raz in g  in  th e  i n t e r t i d a l  
i s  p a r t i c u l a r l y  e x te n s iv e .  Much o f  t h i s ,  however, i s  anecdo ta l  and i s  derived  
from casu a l  o b se rv a t io n s  r a t h e r  than  c o n t r o l l e d  experim ents . N ev er th e le ss ,  
d i e t  has been a sse ssed  com petently  on th e  b a s is  o f  a number o f  c r i t e r i a  
in c lu d in g  gu t c o n ten ts  (e .g .  J o n es ,  1948; K itch ing  and E b ling , 1961; K i t t in g ,  
1979; Vadas e t  a t . ^  1982), com position of f a e c a l  m a te r ia l  ( e .g .  Jo n es ,  1948), 
s t r u c t u r e  o f  m outhparts  (e .g .  S teneck and W atling, 1982) and response  to 
la b o ra to ry  cho ice  experiments invo lv ing  d iv e rs e  te chn iques  ( e .g .  Bakker, 1959; 
Lowe, 1974; Vadas, 1977; Lubchenco, 1978; N i c o t r i ,  1980).
More s o p h i s t i c a t e d  methods o f  de term ining  food p re fe re n c e s  have a lso  been 
developed and a p p l ie d ,  b o th  in  th e  la b o ra to ry  and in  th e  f i e l d .  K i t t in g  (1979, 
1980) employed m ic ro -a c o u s t ic  and t im e - la p s e  pho tog raph ic  techn iques  to  an a ly se  
the  feed ing  behav iour o f  v a r io u s  l im pet s p e c ie s ,  an approach which may prove 
p a r t i c u l a r l y  v a lu a b le  in  i t s  a b i l i t y  to  d i s t in g u i s h  g raz in g  on m ic ro -ep ip h y tes  
from consumption o f  th e  h o s t  p l a n t .  Grazing by microphagous sp ec ie s  has been 
in v e s t ig a te d  using  scanning e le c t ro n  microscopy (N ic o t r i ,  1977; Underwood and 
J e rn a k o f f ,  1981), w h ile  th e  exam ination of food chains  w ith  r a d io n u c l id e  t r a c e r s  
has been a ttem pted  by Marples (1966) and by Estep and Dabrowski (1980).
H erbivore  food p re fe re n ce s  undoubtedly p lay  a major p a r t  in  de term ining  the  
q u a n t i ty  and q u a l i t y  o f  food in g e s te d  and consequently  th e  t h e o r e t i c a l  and 
p r a c t i c a l  im portance o f  g raz in g  s e l e c t i v i t y  should  n o t  be u n d e res t im ated .
Grazing p re fe re n ce s  in f lu e n c e  bo th  th e  f i t n e s s  and th e  p h y s io lo g ic a l  c o n d i t io n  
of th e  g ra z e r  (Hsiao and F raen k e l ,  1968) and i n t e r a c t  w ith  p la n t  co m p etit iv e  
a b i l i t i e s ,  l i f e  h i s t o r i e s  and p h y s ica l  to le ra n c e s  to  de term ine the  impact o f  th e  
h e rb iv o re  on th e  p la n t  community (Lubchenco, 1978; N i c o t r i ,  1980).
In a marine c o n te x t ,  experim en ta l s tu d ie s  o f  s e l e c t i v e  g raz ing  have
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c o n cen tra ted  p r im a r i ly  on th e  echinoderms, perhaps because o f  th e  r e l a t i v e l y  
la rg e  s i z e  and tremendous d e s t r u c t i v e  c a p a b i l i t i e s  of th e se  abundant and 
u b iq u ito u s  in v e r t e b r a t e s .  Echinoderm p re fe re n ce s  a re  p a r t i c u l a r l y  w e ll  
documented f o r  sp ec ie s  o ccu rr in g  in  American w aters  ( e .g .  Leighton, 1966;
Vadas, 1977; Larson e t  a t .   ^ 1980; Vadas e t a t . ^  1982).
D e f in i t iv e  s tu d ie s  of gastropod  p re fe re n ce s  a r e  l e s s  common and a re  
concerned predom inantly  w ith  th e  archaeogastropod  l im pets  (e .g .  Branch, 1975,
1976; N ic o t r i ,  1977; K i t t in g ,  1979, 1980; S teneck , 1982). D ie ta ry  
p re fe ren ces  of th e  B r i t i s h  l im p e ts  have been s tu d ie d  by a number o f  w orkers , 
in c lu d in g  Jones (1948) {F a te tta  vutgata') and C lokie  and Norton (1974) {Aamaea s p p .)
In r e c e n t  y e a r s ,  th e  r o l e  o f  th e  common w inkle as a de term inan t o f  community 
s t r u c t u r e  on n o r th e a s te r n  American s h o re s ,  has been s c r u t in i s e d  c lo s e ly  (e .g .  
Lubchenco, 1978; Sze, 1980; B ertness  e t  a t . ,  1983; Cheney, unpub. d a ta ) .
This work prompted the  o f t -q u o te d  experim en ta l exam ination of g raz ing  p re fe re n c e s  
by Lubchenco (1978) and th e  co n tin u in g  s tu d ie s  by D.P. Cheney (p e rs .  comm.) a t  
N o rth e a s te rn  U n iv e r s i ty  and R.H. Seeley a t  Yale U n iv e rs i ty .
P r io r  to  changes in  th e  taxonomy o f  ''L'tttOT'Lna o b tu sa ta ” , th e  m acroalgal 
feed ing  p re fe re n c e s  o f  th e  f l a t  w inkle were a s se ssed  in  c o n t r o l l e d  experim ents 
by Barkmann (1955), Van Dongen (1956) and Bakker (1959). In l i g h t  o f  th e  
e c o lo g ic a l  d i f f e r e n c e s  between L. o b tu sa ta  sensu stn -iato  and L, m ariae, and in  
p a r t i c u l a r  th e  d i s t i n c t i v e  i n t e r t i d a l  zo n a tio n ,  th e  v a lu e  o f  such s tu d ie s  i s  
now open to  q u e s t io n .
Gastropod d ie t s  and food p re fe re n c e s  have been reviewed by C lark (1958), 
F r e t t e r  and Graham (1962, 1977, 1980) and Hawkins and H a r tn o l l  (1983). A 
comprehensive l i s t  o f  r e l e v a n t  re fe re n c e s  i s  su p p lied  by Steneck and Watling 
(1982) in  appendix form.
In  t h i s  c h a p te r ,  l i t t o r i n i d  p re fe re n ce s  a re  examined and compared. Where 
p o s s ib le ,  th e  r e s u l t s  o f  la b o ra to ry  choice  experim ents a re  t e s t e d  in  c o n t r o l l e d  
experiments on th e  sho re .
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5 .1 . Macroalgal p re fe re n ce s  ( la b o r a to r y )
Two d i s t i n c t  components o f  food p re fe re n ce  can be reco g n ised :  one
r e l a t i n g  to  the  s e l e c t i o n  o f  a p o t e n t i a l  prey item ( a t t r a c t i v e n e s s )  and the 
o th e r  concern ing  th e  r a t e  a t  which t h a t  p rey  i s  in g e s te d  ( e d i b i l i t y )  (N ic o tr i ,  
1980). E d i b i l i t y  w i l l  r e f l e c t  both th e  speed w ith which a g iven  food item 
s a t i s f i e s  th e  p h y s io lo g ic a l  needs o f  th e  h e rb iv o re  and th e  ease with which 
th a t  item can be m anipu la ted  and in g e s te d .  A t t r a c t iv e n e s s  w i l l  embrace a 
number o f  a d d i t io n a l  f a c t o r s ,  in c lu d in g  th e  c a p a c i ty  o f  th e  h e rb iv o re  to  d e t e c t  
p l a n t  odours and th e  n o n - n u t r i t i v e  c h a r a c t e r i s t i c s  which determ ine th e  va lue  
o f  th e  p la n t  as a h a b i t a t  ( e .g .  s u i t a b i l i t y  as a spawning s u b s t r a t e ;  degree 
o f  s h e l t e r  p r o v id e d ) .
Techniques designed  to  measure a t t r a c t i v e n e s s  n e c e s s a r i l y  invo lve  a cho ice  
between two o r  more p o t e n t i a l  food item s. The cho ice  may be made a t  c lo se  
range on th e  b a s is  of t a c t i l e  and chemical sampling (e .g .  Van Dongen, 1956; 
Bakker, 1959; Himmelman and C are fo o t ,  1975; Lawrence, 1975; Lubchenco, 1978; 
N ic o t r i ,  1980; Jensen , 1983) o r  over some d is ta n c e  by chem oreception ( e .g .
Van Dongen, 1956; Vadas, 1977; Larson e t  a l . ,  1980; Bonsdorff and Vahl, 1982) 
Measurement o f  e d i b i l i t y  on th e  o th e r  hand, e n t a i l s  a c t iv e  feed ing  and assumes 
t h a t  p re fe r r e d  foods a r e  consumed f a s t e r ,  given e q u iv a len t  hunger c o n d it io n s  
(Leighton and B oo loo tian , 1963; C are fo o t ,  1967). The importance o f  
in c o rp o ra t in g  an element of cho ice  in  g u s ta to ry  experim ents was s t ro n g ly  
emphasised by Lawrence (1975) and by Vadas (1977). Both Lowe (1974) and Vadas 
(1977) working w ith  s e a -u rc h in s ,  and a ls o  N ic o tr i  (1980) working w ith  isopods 
and amphipods, found c o n s id e ra b le  d is c re p a n c ie s  between mean g raz ing  r a t e s  when 
a lg ae  were o f f e re d  s in g ly  and in  p a ire d  com binations.
There has i n e v i t a b ly  been much d is c u s s io n  and d isagreem ent reg a rd in g  the  
"b e s t"  method of a s se s s in g  food p re fe re n c e .  Larson e t  a l .  (1980) conside red  
g u s ta t io n  to  p ro v id e  th e  most r e a l i s t i c  measure o f  p re fe re n c e  because o f  th e  
complex b eh av io u ra l  mechanisms c a l l e d  in to  p la y .  However I f e e l  t h a t  th e r e  
can be no s i n g l e ,  " b e s t"  te ch n iq u e ,  as a t t r a c t i v e n e s s  and e d i b i l i t y  c l e a r l y
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measure q u i te  d i f f e r e n t  a sp e c ts  o f  cho ice . Consequently , experim ents  have 
been designed  to  in v e s t ig a t e  both components o f  p re fe re n c e  in  t h i s  s tudy .
The s e l e c t i o n  o f  t e s t  a lg ae  was based on a number o f  c r i t e r i a .  A ll  a re  sp ec ie s  
commonly encountered in  th e  l i t t o r a l  zone in  th e  F i r t h  o f  Clyde bu t each was 
chosen c a r e f u l ly  t o  ensure  t h a t  a wide v a r i e ty  o f  growth form s, p h y s io lo g ic a l  
types  and l i f e  h i s t o r i e s  a re  re p re se n te d .  For p r a c t i c a l  p u rp o ses ,  c ru s to se  
a lg ae  have been excluded.
5 .1 .1 .  E d i b i l i t y
a) Methods
To de term ine  th e  r e l a t i v e  e d i b i l i t y  o f  th e  t e s t  a lg a e ,  specimens were 
p re sen ted  w ith  a s e r i e s  o f  cho ices  between each t e s t  a lg a  and a s tan d a rd  
re fe re n c e  m a te r i a l .  The n e c e s s i ty  f o r  gauging consumption a g a in s t  a s tan d a rd  
was emphasised in  p re l im in a ry  experim ents which re v e a le d  a h igh  le v e l  of 
v a r i a b i l i t y  i n  feed ing  p o t e n t i a l  - Doth in  tim e and between in d iv id u a l  s n a i l s  - 
r e g a rd le s s  o f  p re v io u s  d i e t  ( c f .  Grime e t  a l . ,  1970),
I n i t i a l l y ,  t r i a l s  were conducted w ith  a number o f  a r t i f i c i a l  r e fe re n c e  
m a te r i a l s ,  in c lu d in g  agar b locks  and f i l t e r  p aper .  None, however, proved 
s u f f i c i e n t l y  p a l a t a b l e .  Consequently th e  approach advocated  by Cates and 
O rians (1975) was adopted and a h ig h ly  p a l a t a b l e  food p la n t  was s e le c te d  as 
r e f e r e n c e  m a te r i a l .  This te ch n iq u e  i s  in h e re n t ly  l e s s  s a t i s f a c t o r y ,  as 
in e v i t a b le  d i f f e r e n c e s  between in d iv id u a l  p la n ts  and between p la n t  p a r t s  - 
p a r t i c u l a r l y  w ith  r e s p e c t  to lam inar toughness - may le ad  to  unwanted v a r i a t i o n  
in  th e  e d i b i l i t y  o f  th e  r e f e r e n c e  m a te r i a l .  However a s e r i e s  of t e s t s  us ing  
a durometer (shore  d i a l  ty p e )  t o  measure toughness (see  S ec tio n  6 .2 .1 )  showed 
th a t  th e  f l a t ,  membranous lamina o f  th e  p a la t a b le  g reen  a lg a .  Viva laotuoa  was 
o f  r e l a t i v e l y  uniform  toughness . Lowe and Lawrence (1976) a l s o  found t h a t  Viva  
su rv ived  a seven day m aintenance p e r io d  in  th e  la b o ra to ry  w ith  no s i g n i f i c a n t  
lo s s  o f  t o t a l  o rg an ic  m a te r ia l  (ash a n a ly s i s ) .  C onsequently , Viva was used 
throughout g u s ta to ry  experim ents as a s tandard  r e f e re n c e  m a te r i a l .  As a f i n a l
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" q u a l i ty  check", durometer t e s t s  were c a r r i e d  o u t  on a l l  samples p r i o r  to 
cho ice  experim ents, thus ensuring  t h a t  a r e a l i s t i c  and c o n s i s t e n t  s tan d a rd  
was a p p lied .
In experiments invo lv ing  g u s ta t io n ,  th e  a c c u ra te  measurement of 
consumption can c o n s t i t u t e  a major p r a c t i c a l  problem. In  s tu d ie s  o f  
t e r r e s t r i a l  h e rb iv o ry ,  where th e  p la n t  m a te r ia l  comprises leaves  o f  comparable 
th ic k n e s s ,  consumption may be measured and compared in  terms of l e a f  a re a  
(e .g .  Grime e t  a t .  y 1970; Cates and O r ia n s , 1975). Owing to  the  h ig h ly  
v a r i a b le  form o f  th e  seaweed t h a l l u s ,  wet weight i s  more commonly a p p l ic a b le  
as a measure o f  th e  consumption of a lg a e ,  a lthough d i f f i c u l t i e s  a r i s e  where 
comparisons o f  feed ing  r a t e s  on c a lc a reo u s  and non -ca lca reous  sp ec ie s  a r e  made.
C onsiderab le  time and e f f o r t  was devoted to th e  s t a n d a r d i s a t io n  o f  
weighing techn iques  in  an a ttem pt to  minimise e r r o r .  Before weighing, a lg a l  
samples were b lo t t e d  m e th o d ica lly  to  remove su r fa ce  m o is tu re  (c f .  Leighton, 
1966; Paine  and Vadas, 1969a; A y ling , 1978). The tim e a l lo c a te d  to  t h i s  
p rocedure  was s ta n d a rd is e d  to  ensure  t h a t  prolonged exposure to  the  a i r  d id  
n o t o c c u r .
Weighed samples (0 .4 -0 .8  g) o f  th e  t e s t  a lg a  and th e  r e f e re n c e  m a te r ia l  
were p laced  in  one compartment of a p a r t i t i o n e d  p e t r i - d i s h  s e t  in  th e  bottom 
o f  a shallow pyrex c r y s t a l l i s i n g  d is h  (d iam eter 9 cm). F i l t e r e d  seaw ater  was 
added to  th e  l e v e l  o f  th e  p e t r i - d i s h  rim . This arrangem ent ensured t h a t  
crawling s n a i l s  i n i t i a l l y  co n tac ted  both  a lg a l  samples s im u ltan eo u s ly .
To avoid u n p re d ic ta b le  w eight changes a s s o c ia te d  w ith  th e  r e l e a s e  o f  
re p ro d u c t iv e  p ro p a g u le s ,  re p ro d u c t iv e  t i s s u e  was, wherever p o s s ib le ,  removed 
from samples. The tough, c y l i n d r i c a l  s t i p e  o f  th e  fu c o id  a lg a e  was a lso  
d is c a rd e d ,  samples being procured  from th e  s o f t e r  f ro n d  t i s s u e .
As decaying t i s s u e  may b r in g  u n d es ired  a d d i t io n a l  f a c t o r s  in to  p lay  
(Bakker, 1959), only f r e s h ly  c o l l e c te d  p la n ts  (3-10 days) in  good p h y s io lo g ic a l  
c o n d i t io n  were used . Seasonal v a r i a t i o n  in  p la n t  q u a l i ty  was minimised by 
r e s t r i c t i n g  t r i a l s  to  th e  p e r io d  o f  A p r i l - J u ly .
M acro-epiphytes were removed from a l l  a lg a l  m a te r ia l  p r i o r  to  cho ice
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experim ents. A d d i t io n a l ly ,  each sample was washed thoroughly  in  f i l t e r e d  
seaw ate r ,  r e s t o r i n g  c e l l  t u r g i d i t y  a f t e r  s to ra g e  and f u r t h e r  c lea n in g  th e  
s u r fa c e  o f  th e  t h a l l u s .
Grime e t  a t .  (1968, 1970) acknowledged t h a t  the  p r e p a r a t io n  of samples 
may, in  i t s e l f ,  in f lu e n c e  e d i b i l i t y ,  causing a b reach  in  th e  p l a n t ' s  mechanical 
p r o te c t io n  or f a c i l i t a t i n g  th e  r e l e a s e  o f  c e l l  co n ten ts  p o t e n t i a l l y  r e p e l l e n t  
o r  a t t r a c t i v e  to  th e  g raz in g  m ollusc . In  t h i s  s tudy  i t  i s  hoped t h a t  the  
c lean s in g  p rocess  e f f e c t i v e l y  removed any i n t e r -  or i n t r a - c e l l u l a r  p ro d u c ts  
r e l e a s e d  from damaged reg io n s  of th e  t h a l l u s .
S n a i ls  were m a in ta ined  u n t i l  r e q u i r e d  f o r  experim enta l p u rp o se s ,  in  a e ra te d  
seaw ater tanks  (8-10°C) c o n ta in in g  a s e l e c t i o n  o f  th e  t e s t  a lg a e .  To o b ta in  
u n ifo rm ity  o f  re sp o n se  and to  m inim ise d ie t a r y  p re c o n d i t io n in g ,  th e  r e q u i s i t e  
number of s n a i l s  was removed from th e  s to ra g e  tanks and s ta r v e d  f o r  s ix  days 
p r i o r  to  the  i n i t i a t i o n  o f  fe ed in g  t r i a l s .
The t r i a l s  were r e p l i c a t e d  te n  times w ith  each t e s t  a lg a  u s ing  f r e s h  ba tches  
o f  th r e e  a d u l t  common winkles o r  10-15 a d u l t  f l a t  w in k le s ,  i n  each r e p l i c a t e .
At th e  end o f th e  feed ing  p e r io d  a l l  rem aining a lg a l  fragm ents  were removed 
from th e  d is h e s ,  b l o t t e d  and reweighed. Any r e p l i c a t e  in  which t o t a l  
consumption a f t e r  f i v e  days f a i l e d  to  exceed 30 mg. ( fo r  common w inkles) o r  
20 mg. ( fo r  f l a t  w ink les)  was d is c a rd e d  and su bsequen tly  re p e a te d .  An 
a d d i t io n a l  s e r i e s  o f  t e n  ungrazed c o n t ro ls  was m onitored f o r  Utva and f o r  each 
t e s t  a lg a .  The c o n t ro ls  con ta ined  samples o f  a lg a  p rep a red  as d esc r ib ed , bu t 
lacked  g ra z e rs  and p ro v id ed  an e s t im a te  o f  weight changes r e s u l t i n g  from growth, 
decom position o r  im b ib i t io n .  A ll  experim ents were c a r r i e d  ou t under a 16L : 8 D 
photoregime ( tem p era tu re  10-15°C).
Consumption was c o r re c te d  fo r  weight changes reco rd ed  in  ungrazed c o n t ro ls  
and th e  r a t i o  of t e s t  a lg a  consumed to  r e fe re n c e  m a te r ia l  consumed (wet w e ig h t) ,  
was c a lc u la te d ,  g iv in g  a p a l a t a b i l i t y  index ( P . I . )  s im i l a r  to  t h a t  o f  C arefoo t 
(1967) and Grime e t  a l .  (1970), so t h a t :
P . I ,  = mg. t e s t  a lg a  consumed/mg. r e fe re n c e  m a te r ia l  consumed.
Where the  c a lc u la te d  P . I .  was c lo se  to  zero , i t  was n ecessa ry  to  e s t a b l i s h  w ith
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g r e a te r  c e r t a i n t y  whether consumption o f  the  t e s t  a lg a  had in  f a c t  occu rred . 
I n i t i a l l y ,  th e  p o s s i b i l i t y  o f  l a b e l l in g  a l g a l  m a te r ia l  was i n v e s t ig a te d  using 
v a r io u s  dyes. Only th e  f lu o r e s c e n t  dye, U ltrap h o r GPB FDR (BASF U.K. L t d . ) ,  
was found to  s t a i n  a l g a l  m a te r i a l  e f f i c i e n t l y  and to  appear su bsequen tly  in  
th e  fa e c e s .  However t r i a l s  showed t h a t  f a e c a l  p e l l e t s  from L lttor-in a  f e d  on 
an u n la b e l le d  d i e t ,  a lso  f r e q u e n t ly  f lu o re sc e d  a t  the  same w avelengths , a l b e i t  
to  a l e s s e r  e x te n t .
Consequently i t  was decided  sim ply to  r e p e a t  th e  "two-way choice experim ents" 
f o r  a l l  sp ec ie s  w ith  a c a lc u la te d  P . I .  l e s s  than  0.1 ( th r e e  r e p l i c a t e s ) ,  u s ing  
c a r e f u l ly  s e le c te d ,  unblemished fragments of t e s t  a lg a .  Where no evidence o f  
g raz ing  (macroscopic or m ic roscop ic)  was apparen t in  any r e p l i c a t e  a f t e r  fo u r  
days , th e  P . I .  was amended to  zero .
At some p o in t ,  s u rv iv a l  presumably d i c t a t e s  t h a t  fe ed in g  be invoked 
r e g a r d le s s  o f  p re fe re n c e .  C onsequently , t e s t  a lg ae  w ith  an amended P . I .  equal 
to  z ero , were p re s en te d  to  Lltix>rlna  i n  a s e r i e s  of " s in g le  a lg a  feed ing  
experim ents" . Evidence o f  g raz in g  was m onitored over a p e r io d  o f  f i f t y  days. 
Faecal m a te r ia l  was removed d a i ly  and a lg a l  samples were re p la c e d  a t  te n  day 
i n t e r v a l s  w ith  f r e s h  m a te r i a l .  Each experiment was r e p l i c a t e d  th r e e  tim es .
A s im i la r  s e r i e s  o f  s in g le  a lg a  feed ing  experiments was c a r r i e d  ou t us ing  a 
sm all s e l e c t i o n  o f  th e  t e s t  a lg ae  and a v a r i e ty  o f  d i f f e r e n t  i n t e r t i d a l  
g a s t ro p o d s .
b) R esu lts
Although growth o f  a lg a l  samples during  feed ing  t r i a l s  could  be d iscouraged  
by conducting th e  experim ents in  complete darkness (Table 15), a l i g h t /d a r k  
regime c l e a r l y  s t im u la te s  co n s id e ra b ly  h ig h e r  feed ing  r a t e s  (Table 16).
P re lim inary  b e h av io u ra l  o b s e rv a t io n s  have shown t h a t  w inkles  p laced  in  a tank 
co n ta in in g  seaw ater  w ith  l i g h t  excluded, g e n e ra l ly  s e t t l e  on th e  s id e s  o f  th e  
tank  j u s t  above w ater l e v e l ,  fo llo w in g  an i n i t i a l  s p e l l  o f  a c t i v i t y  ( c f .  Dahl, 
1964). Subsequen tly , d is tu rb a n c e  o f  th e  w ater or i l lu m in a t io n  o f  th e  ta n k .
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g e n e r a l ly  s t im u la te s  craw ling  (p e rs .  o b s . ) .  Excursions from th e  p o s i t i o n  of 
s e t t le m e n t  - whether in  th e  la b o ra to ry  o r  on th e  shore  - may be reg a rd ed  as 
feed ing  m ig ra t io n s  (p e r s .  o b s . ;  Newell, 1958c). As h igh  feed ing  r a t e s  were 
d e s i r a b le ,  a l l  g u s ta to ry  experiments were conducted under a 16L : 8D photoregim e.
Table 15 . E f fe c t  of l i g h t  regime on a l g a l  growth r a t e
Values r e p r e s e n t  the  mean (± S .E .)  o f  t e n  d i s c r e t e  fou r-day  
ex p er im en ts .
Species  Mean growth r a t e
-1  -1(mg wet weight . g i n i t i a l  w eight .day ) 
 16L : 8 D____________________________24D
P e lv e t la  aanat'iouZata 6.18 ± 2.201 0.49 ± 0.453
Enteromoippha intest'Criat'ùs 1 .95 ± 2.393 -1 .89  ± 2.481*
Utva taotuoa  0 .34 ± 3.364 -0 .1 2  ± 2.967
* R elease  o f  spores  prompted by change in  l i g h t  regim e.
Table 16. E f fe c t  of l i g h t  regime on common winkle feed in g  r a t e s
Values r e p r e s e n t  th e  mean (± S .E .)  o f  te n  d i s c r e t e  fo u r-d ay  
experim en ts ,  in  which consumption o f  Utva taatuoa  by to u r  common 
w inkles  (20-25 mm. s h e l l  h e ig h t)  was c a lc u la te d  a f t e r  c o r r e c t io n  
o f  weight lo s s  f o r  growth o f  Utva,
Mean feed in g  r a t e s  
L ight regime (mg wet w e ig h t . s n a i l  ^.day~^)
16L : 8 D 7.19 ± 1.243
24D 2.52 ± 0.518
The r e s u l t s  o f  fe ed in g  experiments w ith  the  common w ink le  L-ittoTina ttt-boTeay 
a re  summarised in  Table 17. To a sse s s  th e  r e l i a b i l i t y  o f  th e  p a l a t a b i l i t y  index
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as a means o f  comparing e d i b i l i t y ,  th e  common w inkle  was p re sen te d  w ith  a 
choice  of two sp ec ie s  {Porphyra and Lcmrenota) w ith  s im i la r  p a l a t a b i l i t y  in d ic e s .  
The a lg a  w ith  th e  h ig h e r  P . I .  {Porphyra) was p r e f e r r e d  in  a l l  r e p l i c a t e s  
(0.01 < P < 0 .05 , Wilcoxon s igned -rank  t e s t ) .
Common winkle g raz ing  was h ig h ly  s e l e c t i v e  in  favour o f  th e  f o l i o s e  
ephemeral a lg ae  - p a r t i c u l a r l y  the  g re e n s ,  Utva and Enteromorpha, The fu co id  
A seophyttim  nodosum and th e  c a l c i f i e d  red  a lg a  C ova tttn a  o f f ï a ï n a t t s ,  were 
r e j e c t e d  even under c o n d i t io n s  o f  c o n s id e ra b le  n u t r i t i o n a l  d u re ss .  Crazing 
o f  Asoophyttum  was e v e n tu a l ly  reco rd ed  a f t e r  42-49 days . However t h i s  
c o n s is te d  only o f  e x p lo ra to ry  ra sp s  i n f l i c t i n g  s u p e r f i c i a l  damage to  th e  su r fa c e  
o f  th e  lamina (see S e c t io n  4 .4 .2 b )  and d id  n o t  c o n s t i t u t e  con ce rted  feed in g .
R esu l ts  o f  t r i a l s  inv o lv in g  Ltt'ton'ina ob tu sa ta  and L ttto r tn a  martae a re  
p re s e n te d  in  Tables 18 and 19. P re fe ren ce  rank ings  a re  v i r t u a l l y  i d e n t i c a l  
f o r  bo th  s p e c ie s .  The fu co id  a lg ae  a re  g e n e ra l ly  p r e f e r r e d ,  w ith  th e  upper 
shore  a lg a  Fuaus sp u n a tts , heading th e  rank ings  f o r  bo th  s p e c ie s .  Asoophyttum  
nodosum c o n s t i t u t e d  th e  lowest ranked fu c o id ,  w ith  a mean P . I .  o f  l e s s  th an  one 
f o r  L. m ariae. As w ith  L ttto r ïn a  t i t t o r e a ,  a s e r i e s  o f  t r i a l s  were c a r r i e d  
ou t w ith  L. o b tu sa ta  in  which th e  e d i b i l i t y  o f  t e s t  sp ec ie s  was compared 
d i r e c t l y .  P re fe re n c e  rank ings  were as  fo llow s:
Fuaus s p i r a t t s  > F. sev v a tu s; F. v e s ta u to su s  > Asoophyttum.
This corresponds c lo s e ly  to  rank ings  determ ined on th e  b a s i s  of 
p a l a t a b i l i t y  in d ic e s  (Table 18).
S in g le  a lg a  feed ing  experim ents (Table 20) confirm  t h a t  Aamaea i s  n o t  
p r im a r i ly  a g ra z e r  o f  e r e c t  m acroalgal t h a l l i ,  a lthough  r a d u la  marks were 
recorded  on th e  t h a l l u s  o f  Fuaus se r ra tu s  in  each r e p l i c a t e .  Coratt'Cna was 
c o n s i s t e n t ly  r e j e c t e d  by a l l  sp ec ie s  and Asoophyttum  was on ly  grazed  r e a d i l y  
by th e  two f l a t  w in k le s .
/b
Table 17. M acroalgal food p re fe re n ce s  o f  L'LttOT'ùna VùttoTea - E d i b i l i t y .
A s te r i sk s  denote s ig n i f i c a n c e  o f  d i f f e r e n c e  between consumption 
o f  t e s t  and re f e re n c e  m a te r i a l  (Wilcoxon s ig n ed -ran k  t e s t ) .
Species Choice experiments 
(Mean P . I .  ± S .E .)
S in g le  a lg a  feed ing  experim ents 
(Time la p se  b e fo re  g ra z in g ,  
days) _____
Utva taotuoa
Enteromorpha 'C n te s ttn a tts  
Porphyra umb'it'Coat-is 
Laureno'La p v n n a ttf id a  
P e tv e t ta  oanat-ioutata  
Euous se rra tu s  
P otystph on ta  tanosa  
Ctadophora ru p estr-is  
G'Cgart'ina s t e t t a t a  
Asoophyttum nodosum 
C ora ttin a  o f f to ' tn a tts
0.54 ± 0.241* 
0.19 ± 0.088** 
0.11 ± 0.045*** 












No g raz ing
* 0.01 < P < 0.05
** 0.001 < P < 0.01
*** P < 0.001
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Table 18. M acroalgal food p re fe re n ce s  o f  L ittori-n a  o b tu sa ta  - E d i b i l i t y ,
A s te r isk s  denote  s ig n i f i c a n c e  o f  d i f f e r e n c e  between 
consumption o f  t e s t  and re f e re n c e  m a te r ia l  (Wilcoxon 
s ig n ed - ra n k  t e s t ) .
Species P a l a t a b i l i t y Index (± S
Fuous sp'Cral'is 9 .67 + 1.433**
Fugus ves-ioutosus 3 .72 + 0.671**
Fuaus se r ra tu s 3 .63 + 1.016*
P e tv e t ta  oanaVioutata 3 .51 + 0 .998**
AsQophytlum nodosum 2 .05 + 0.796 n . s .
Utva taatuGa 1
Ctadophora r u p e s tr ts 0
Potys'iphoH'Ca tanosa 0
n . s .  not s i g n i f i c a n t
* 0.01 < P < 0.05
** 0.001 < P < 0.01
*** P < 0.001
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Table 1 9 . Macroalgal food p re fe re n c e s  o f  L tt to r ïn a  mar-iae - E d ib i l i ty ,
A s te r is k s  denote  s ig n i f i c a n c e  o f  d i f f e r e n c e  between 
consumption o f  t e s t  and re fe re n c e  m a te r ia l  (Wilcoxon 
s ig n ed - ra n k  t e s t ) .
Species P a l a t a b i l i t y Index (± S
Fucus s p i r a i t s 5.36 ± 1.273**
Fuous ves-icu tosus 4.04 ± 1.593 n . s .
Fuous s e r ra tu s 3.10 ± 0.532**
F e tv e tta  o a n a tio u ta ta 2.51 i 0.357*
Utva taotu oa 1
Asoophyttum nodosum 0.94 ± 0 .171 n . s .
Ctadophora rupestr'Cs 0
F otysiphonta  tanosa 0
n . s .  no t  s i g n i f i c a n t  
* 0.01 < P < 0.05
** 0.001 < P < 0.01
*** P < 0.001
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Table 2 0 . S ing le  a lg a  feed in g  experiments w ith  v a rious  i n t e r t i d a l  
g a s t ro p o d s .
H erbivore Time la p se  be fo re  g raz in g  (days)
Utva taotuoa Ascophyltum Fuous se rra tu s  C o ra ttin a
nodosum o f f to ïn a  Zis
Aomaea tessu Z ata - - 6 - 1 2 -
L ttto r in a  Z-ittorea 1 - 2 42-49 3-6 -
L'ùttor'tna mar-iae 1 - 2 2-4 1 - 2 -
L ttto r'in a  ob tu sa ta 1 - 2 2-4 1-3 -
PateZ ta vu tg a ta 6-9 10-14 5-7 -
5 .1 .2 .  E d i b i l i t y  o f  fu co id  re p ro d u c t iv e  t i s s u e
In v e s t ig a t io n s  o f  m arine p la n t -h e rb iv o re  i n t e r a c t i o n s  tend  to  co n s id e r  th e  
a lgae  as  homogeneous e n t i t i e s .  Yet Optimal Defence Theory p r e d i c t s  t h a t  p la n t  
defences w i l l  be a l lo c a te d  in  d i r e c t  p ro p o r t io n  to  th e  r i s k  o f  each s p e c i f i c  
t i s s u e  and to  th e  v a lu e  o f  t h a t  t i s s u e  in  terms o f  f i t n e s s  lo ss  r e s u l t i n g  from 
a t t a c k  by g ra z e rs  (Rhoades, 1979).
There i s  a l s o  some evidence to  suggest t h a t  d i f f e r e n t  p l a n t  p a r t s  may rank 
d i f f e r e n t l y  in  food p re fe re n ce s  (L eighton , 1971; F a l l e r - F r i t s c h  and Emson, 
1972; Janzen , 1973; Rhoades and C a tes ,  1976; Moore, 1977) and have d i f f e r e n t  
c a lo r i c  com positions (Paine and Vadas, 1969b; Himmelman and C a re fo o t ,  1975). 
Moore (1977) found t h a t  th e  amphipod, Hyale n tls s o n i  p r e f e r r e d  f e r t i l e  P e tv e t ia  
f rond  t i p s  to  v e g e ta t iv e  t i p s ,  w h ile  Himmelman and C arefoo t (1975) f e l t  t h a t  
re p ro d u c t iv e  t i s s u e s  ( p a r t i c u l a r l y  fem ale) may have a h ig h e r  c a l o r i f i c  v a lu e  
than  n o n - f e r t i l e  t i s s u e .  The c a l o r i c  con ten t o f  Hedophyltum se s s ile ^  Ir id a ea  
oordata  and L esso n to p sis  Z t t to r a ti .s  was shown to  be maximal du ring  re p ro d u c t iv e  
p e r io d s .  In  view o f  th e s e  c o n s id e ra t io n s ,  th e  r e l a t i v e  p a l a t a b i l i t y  o f  female
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Fucus se r ra tu s  r e p ro d u c t iv e  t i s s u e ,  was t e s t e d  f o r  th e  l i t t o r i n i d  s n a i l s ,
L i-tto rtn a  t i t t o r e a  and L. o b tu sa ta .
a) Methods
The e d i b i l i t y  o f  th e  re p ro d u c t iv e  t i s s u e  was in v e s t ig a te d  in  a s e r i e s  o f  
two-way choice experim en ts . Each r e p l i c a t e  ( te n  p e r  sp ec ie s )  compared 
consumption o f r e p ro d u c t iv e  and v e g e ta t iv e  sam ples. As th e  w eight o f  f e r t i l e  
re p ro d u c t iv e  t i s s u e  in e v i ta b ly  f l u c t u a t e s  in  response  to  th e  r e l e a s e  o f  gametes, 
wet weight was d is c a rd e d  in  favour o f  s u r fa c e  a rea  as a means o f  measuring 
consumption. (The a p i c a l  p o r t i o n  of th e  t h a l l u s  of F. s e r ra tu s  i s  o f  r e l a t i v e l y  
uniform th ic k n e s s . )
Surface  a re a  measurements were made us ing  a p o r ta b le  a re a  meter (LAMBDA 
Ins trum en ts  C o rp o ra t io n  Model L I-3000). The mean o f  20 read in g s  was c a lc u la te d  
f o r  each a lg a l  sample.
The toughness o f  v e g e ta t iv e  and re p ro d u c t iv e  t i s s u e  was a lso  compared us ing  
th e  Shore durom eter. 50 read ings  were p rocured  f o r  each t i s s u e .
b) R esu lts
In g raz ing  experim ents  w ith  L'Cttortna t- i t to re a  (m onitored over a fou r  day 
p e r io d ) ,  r e p ro d u c t iv e  t i s s u e  was grazed e x c lu s iv e ly  in  n ine  r e p l i c a t e s  (0 . 0 0 1  <
P < 0 .01 , Wilcoxon s ig n ed -ran k  t e s t ) .  S im i la r ly ,  consumption o f  re p ro d u c t iv e  
t i s s u e  by L itto r tn a  o b tu sa ta  exceeded consumption o f  v e g e ta t iv e  t i s s u e  in  n ine  
r e p l i c a t e s  (0.01 < P < 0 .05 , Wilcoxon s igned -rank  t e s t ) .
P r e f e r e n t i a l  g raz in g  o f  th e  re p ro d u c t iv e  p o r t io n  o f  th e  t h a l l u s  (see a lso  
F ig .  34) d id  not appear to  be r e l a t e d  to  t h a l l u s  toughness . Durometer read in g s  
f o r  female re p ro d u c t iv e  t i s s u e  (34.5  ± 1 .3 )  did n o t  d i f f e r  s i g n i f i c a n t l y  
(S tu d e n t 's  t  t e s t )  from read in g s  f o r  v e g e ta t iv e  t i s s u e  (32.4 ± 0 .7 ) .
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5 .1 .5 .  A t t r a c t  iveness
a) Methods
To i n v e s t ig a t e  th e  a t t r a c t i v e n e s s  o f  th e  t e s t  a lg ae  a s e r i e s  of experim ents 
were conducted s im i la r  to  th o se  o f  Lubchenco (1978). The p r in c ip l e  was 
s t r a ig h t fo rw a rd :  p a i r s  of t e s t  a lg ae  were p laced  in  an aquarium to  which s n a i l s
were su b sequen tly  in tro d u ced  and th e  p o s i t i o n  o f  th e  s n a i l s  r e l a t i v e  to  th e  
a lgae  was recorded  a f t e r  a p re -d e te rm in ed  p e r io d  o f  t im e . Lawrence (1975) 
considered  t h i s  to  be th e  most e f f i c i e n t  method o f  s tu d y in g  food p re fe re n c e s .
The base o f  a g la s s  tank  (20 cm. x 30 cm. x 20 cm. deep) was d iv id ed  
in to  th r e e  zones (F ig . 38), each o f  which was c l e a r l y  d e l in e a te d  u s ing  a c h in a -  
graph p e n c i l .  A f te r  f i l l i n g  th e  tank  w ith  f i l t e r e d  seaw a te r  to  a dep th  o f
f iv e  to  s ix  c e n t im e tr e s ,  two t e s t  a lg ae  were s e le c te d  and each was a l l o c a t e d  to
one o f th e  p e r ip h e ra l  zones (A and B, F ig .  3 8 ) .  The a lg ae  were h e ld  in  p o s i t i o n  
w ith  p l a s t i c i n e .  Wherever p o s s ib le ,  e n t i r e  undamaged fro n d s  were used .
Following p r e p a r a t io n  o f  th e  tan k , a b a tch  o f  l i t t o r i n i d s  was in tro d u ced
to  th e  c e n t r a l  a rea  (Zone C, F ig .  3 8 ) .  As l i g h t  i s  known to  in f lu en c e  th e
d i r e c t i o n  o f  l i t t o r i n i d  movement ( e .g .  Van Dongen, 1956; Newell, 1958b, 1958c; 
Evans, 1965; Underwood, 1979) th e  tank  was covered w ith  b lack  po ly th en e . 30 
minutes a f t e r  th e  i n i t i a l  in t r o d u c t io n  o f  specimens, s n a i l s  c lim bing th e  w a l ls  
of th e  tank  were r e tu rn e d  to  th e  c e n t r a l  a re a .  A f te r  a f u r t h e r  30 m inu tes ,  
e x p lo ra to ry  behav iou r  had d e c l in ed  markedly and th e  number o f  s n a i l s  on each 
a lg a  was reco rded . The experim ent was re p ea ted  w ith  every  p o s s ib le  com bination 
o f  t e s t  a lg a e ,  u s in g  a f r e s h  b a tch  o f  40 a d u l t  common w ink les  o r  60 a d u l t  f l a t  
w inkles in  each t r i a l .
All experim ents were conducted a t  room tem p era tu re ,  to  which specimens 
were a c c l im a t is e d  f o r  60-90 m inutes p r i o r  t o  commencement o f  t r i a l s .  Macro­
ep iphy tes  were removed from th e  a lg ae  (excepting  Asoophyttim  fou led  w ith  
P otystphon ia  tanosa) and a l l  samples were c leansed  in  f i l t e r e d  seaw ater.




Fig.38 Plan of aquarium used in determination 
of attraotiveness.
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and t h a t  o f  Lubchenco (1978), concerns th e  s iz e  o f  th e  aquarium and th e  number 
o f  s n a i l s  used  in  each t r i a l .  Here, th e  much sm a lle r  aquarium and the  
r e l a t i v e l y  l a r g e r  sample s iz e  w i l l  ab ro g a te  m u c u s - t ra i l  fo l lo w in g ,  a f a c to r  
overlooked by Lubchenco and one which re p re s e n ts  a s e r io u s  flaw , e f f e c t i v e l y  
reducing  he r  sample s i z e  g r e a t l y .
b) R esu l ts
The experim ents en fo rced  Lubchenco' s (1978) beh av io u ra l o b s e rv a t io n s .
When a craw ling  s n a i l  c o n ta c te d  a p ie c e  o f  a lg a  i t  responded e i t h e r  p o s i t i v e l y ,  
by commencing feed in g  o r  s topp ing  to  r e s t ,  o r n e g a t iv e ly  by co n tin u in g  to  c r a w l . 
T a c t i le -c h e m ic a l  means o f  food d e te c t io n  appeared to  be more im portan t than  
d is ta n c e  chem oreception.
The r e s u l t s  a re  summarised in  Tables 21-23. In a l l  t r i a l s  th e  number o f  
s n a i l s  on each a lg a  was compared by C hi-squared a n a ly s i s  and each s p e c ie s  was 
a l lo c a te d  a p re fe re n c e  rank ing  based on th e  r e s u l t s .  Consequently  a l l  members 
o f  Group I were s i g n i f i c a n t l y  p r e f e r r e d  to  each member o f  Group I I ,  and so on.
Experiments w ith  L'ittoT%na l'itix>Tea (Table 21) in d i c a t e  th re e  d i s t i n c t  
c a te g o r ie s  o f  p re fe re n c e .  Once aga in  th e  th r e e  f o l i o s e  ephemeral sp ec ie s  were 
s t ro n g ly  p r e f e r r e d  w h ile  Coratt'tna  was em phatica lly  avoided . The rem aining 
sp ec ie s  were in s e p a ra b le  on th e  b a s i s  o f  C hi-squared  a n a ly s i s .
Both sp ec ie s  o f  f l a t  w ink le  were a t t r a c t e d  p r im a r i ly  to  th e  fu c o id  a lg ae  
(Tables 22 and 23). The p re fe re n c e s  o f  th e  two sp ec ie s  co rresponded  c lo s e ly ,  
a lthough  Fuous s e r r a tu s ,  th e  phaeophyte on which L itto r ïn a  mariae occurs  a lm ost 
e x c lu s iv e ly  in  th e  f i e l d ,  ranks h ig h e r  in  th e  p re fe re n ce s  o f  t h i s  s p e c ie s .  
S u r p r is in g ly ,  Asoophyttum  i s  a lso  h ig h ly  ranked f o r  L, m ariae  d e s p i t e  th e  ap p aren t  
avoidance of Asoophyttum  f ronds  in  th e  f i e l d  (see Chapter 2 ) .  Asoophyttum  
fo u led  w ith  th e  ep ip h y te  P otysiph on ia  tanosa, i s  c o n s i s t e n t ly  ranked lower th an  
"c lean "  Asoophyttum, w h ile  th e  branched , f i lam en tous  a lg a  Ctadophora, i s  avoided 
by bo th  s p e c ie s .
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Table 21. A t t r a c t iv e n e s s  o f  macroalgae f o r  L itto r in a  H tto v e a .
P re fe ren ce  rank ing  
(C hi-squared  a n a ly s is )
Algae Percen tage  o f  s n a i l s  
choosing each a lg a  
( in  a l l  comparisons)
I Entercmorpha in t e s t in a t i s 63
Porphyra im b i t io a t i s 68
Utva taotuoa 61
I I Asoophyttum nodosum 49
Asoophyttum  + P otysiph on ia  tanosa 44
Ctadophora r u p e s tr is 43
Fuous s e r ra tu s 50
G igartin a  s t e t t a t a 48
Laurenoia p in n a tif id a 51
P e tv e t ia  o a n a tio u ta ta 50
I I I C o ra ttin a  o f f io in a t i s 21
Où
Table 22. A t t ra c t iv e n e s s  o f  macroalgae f o r  L itto r in a  o b tu sa ta .
P refe ren ce  rank ing  
(C hi-squared  a n a ly s is )
Algae Percen tage  o f  s n a i l s  
choosing each a lg a  
( in  a l l  comparisons)
I Fuous s p i r a l i s 61
Fuous ve s ia u to su s 67
II Asoophyttum nodosum 64
Fuous se r ra tu s 50
P e tv e t ia  o a n a tio u ta ta 49
I I I Asoophyttum  + P otysiph on ia  tanosa 45
Utva taotuoa 36
IV Ctadophora r u p e s tr is 24
Table 23. A t t r a c t iv e n e s s  of m acroalgae f o r  L itto r in a  m ariae.
P reference  rank ing  
(C hi-squared  a n a ly s i s )
Algae Percen tage  o f  s n a i l s  
choosing each a lg a  
( in  a l l  comparisons)
I Asoophyttum nodosum 52
Fuous se r ra tu s 57
Fuous s p i r a l i s 60
Fuous ves io u to su s 53
I I P e tv e t ia  o a n a tio u ta ta 54
I I I Asoophyttum  + P otysiphon ia  tanosa 45
IV Utva taotuoa 43
V Ctadophora r u p e s tr is 33
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5 .1 .4 .  E f fe c t  o f  s t a r v a t i o n  on p re fe re n ce
The e f f e c t s  o f  p a s t  feeding  h i s to r y  on th e  d i e t s  and p re fe re n c e s  o f  m arine 
h e rb iv o re s  a re  l a r g e ly  unknown. However, t h e o r e t i c a l  s tu d ie s  o f  g e n e ra l is e d  
h e rb iv o ry  (Emlen, 1966; MacArthur and P ianka , 1966) and e m p ir ic a l  s tu d ie s  w ith  
a r th ropods  and v e r t e b r a te s  (Young, 1945; Bernays and Chapman, 1970; Werner 
and H a ll ,  1974) s t ro n g ly  su g g es t  t h a t  anim als feed  l e s s  d i s c r im in a te ly  a f t e r  a 
p e r io d  o f  s t a r v a t i o n  o r  when food is  s c a rc e .  This th eo ry  was t e s t e d  w ith  th e  
common winkle.
a) Methods
The w inkles used in  e d i b i l i t y  t r i a l s  w ith  Enteromorpha^ajià P e tv e t ia  (S ec tion  
5 .1 .1 )  were subsequen tly  i s o l a t e d  in  a e r a te d  seaw ater tanks  (16L : 8 D p h o to ­
regime; 10-15*C) w ithou t food. Faecal m a te r ia l  was removed d a i ly  and the  
tanks were c leaned r e g u l a r l y .  A fte r  s t a r v a t io n  f o r  50 days, the  e d i b i l i t y  
of Enteromorpha and P e tv e t ia  was re - a s s e s s e d  fo llow ing  th e  procedure  o u t l in e d  
in  S ec tio n  5 .1 .1 a .
The in f lu en ce  o f  s t a r v a t i o n  on a t t r a c t iv e n e s s  was a l s o  examined. The 
a t t r a c t i v e n e s s  o f  two p a i r s  o f  a lg a e ,  Utva and Fuous s e r r a tu s ,  and Enteromorpha 
and P e tv e t ia ,  was a sse ssed  in  fo u r  t r i a l s  (40 specimens p e r  t r i a l ) .  Following 
th e  t r i a l s  the  two ba tches  o f  m olluscs were p laced  in  s e p a ra te  tanks and 
m ain ta ined  f o r  50 days under th e  regime o u t l in e d  above. The p re fe re n c e  t r i a l s  
were then  re p e a te d .
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b) R esu lts
Following s t a r v a t i o n ,  feed in g  r a t e s  were e le v a te d  c o n s id e ra b ly  (Table 24). 
Mean p a l a t a b i l i t y  in d ic e s ,  however, d id  not d i f f e r  s i g n i f i c a n t l y  (Table 25) 
b e fo re  and a f t e r  s t a r v a t i o n  (S tu d e n t 's  t  t e s t ) .
A p p lic a t io n  o f  C hi-squared  a n a ly s is  to  th e  r e s u l t s  o f  a t t r a c t i v e n e s s  
experim ents (Table 26) r e v e a le d  no s i g n i f i c a n t  change in  th e  r e l a t i v e  a t t r a c t i v e ­
ness o f  Utva and Fucus. Following s t a r v a t i o n ,  however, th e  a t t r a c t i v e n e s s  of 
P e tv e t ia  ( r e l a t i v e  to  Enteromorpha') d id  in c re a s e  s i g n i f i c a n t l y  (P < 0.05) .
I t  may be concluded t h a t  e d i b i l i t y  remains u n a f fe c te d  by s t a r v a t i o n  (a t  
l e a s t  over t h i s  p e r io d  o f  t i m e ) . However, th e re  is  some evidence to  suggest 
t h a t  d i f f e r e n c e s  i n  a t t r a c t i v e n e s s  o f  a lg ae  a re  l e s s  marked f o r  specimens under 
n u t r i t i o n a l  d u re s s .
During th e  course  o f  th e s e  experim en ts ,  t r i a l  specimens con tinued  to  
d e fa ec a te  d e s p i t e  p ro longed  s t a r v a t i o n .  A number o f  f r e s h  s n a i l s  were 
subsequen tly  m a in ta ined  f o r  over th r e e  months w ithou t c e s s a t io n  o f  fa e c a l  
p ro d u c tio n .  P rep a ra t io n s  o f  f a e c a l  m a te r ia l  ex c re ted  a f t e r  8-12 weeks' 
s t a r v a t i o n  were in v a r ia b ly  found to  comprise:
1) Large q u a n t i t i e s  o f  amorphous g ran u le s  (o f ten  w ith  a g reen ish -y e llo w  
p ig m e n ta t io n ) .
2) Smooth sp h e ru le s  s im i la r  i n  appearance to  o i l  d ro p le t s  b u t  which did  
not s t a i n  w ith  Sudan I I I .
3) Mucus.
The e x t r a c t  ( in  90% Acetone) from samples o f  t h i s  m a te r ia l  had an a b so rp t io n  
spectrum w ith  major peaks o f  a c t i v i t y  a t  660-670 nm and a t  410 nm. An e x t r a c t  
from th e  d ig e s t iv e  gland o f  a s ta rv e d  specimen had an a b so rp t io n  spectrum which 
corresponded c lo s e ly .
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Table 24. In f lu en ce  o f  n u t r i t i o n a l  s t a t e  on feed ing  r a t e  o f  L i t to r in a  l i t t o r e a .
Diet Mean feed ing  r a t e  ± S .E . 
(mg wet w e i g h t . s n a i l . d a y “1 )
P r e - s t a r v a t io n P o s t - s t a r v a t io n
JJ Iva^ Enterom orp ha 
Utva^ P e tv e t ia
6 .4  ± 1.47 
2.0 ± 0.52
16 .4  ± 2.01 
1 1 . 8 ± 2.21
Table 25. E f fe c t  o f  s t a r v a t i o n  o f  L itto r in a  t i t t o r e a  on a lg a l  e d i b i l i t y
Alga Mean P . I .  ± S.E.
P r e - s t a r v a t io n  P o s t - s t a r v a t io n
Enteromorpha
P e tv e t ia
0.54 ± 0.241 
0.04 ± 0.019
0.55 ± 0.089 
0.07 ± 0.030
Table 26. E f f e c t  o f  s t a r v a t i o n  of L itto r in a  t i t t o r e a  on a lg a l  a t t r a c t iv e n e s s
A lgal combinations D is t r i b u t io n  o f  s n a i l s S ig n i f ic a n c e  le v e l
P r e - s t a r v a t io n  P o s t - s t a r v a t io n  (C hi-squared  a n a ly s is )  
t r i a l s  t r i a l s
Utva





not s i g n i f i c a n t
Enteromorpha





0.01 < P < 0.05
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5 .1 .5 .  E f fe c t  o f  h a b i tu a t io n  on p re fe re n c e
Elton  (1927) and more r e c e n t ly  Emlen (1966) and K i t t in g  (1980), p r e d ic te d  
t h a t  in  s i t u a t i o n s  where one food type  ach ieves  h igh  l e v e l s  o f  abundance, t h i s  
food may be consumed w ith  g r e a t e r  frequency  r e l a t i v e  to  i t s  abundance than 
a n o th e r ,  even i f  th e  second food i s  r i c h e r  and more e f f i c i e n t l y  e x p lo i te d .
R ic h te r  (1942) and Young (1945), working w ith  v e r t e b r a t e s ,  and Wood (1968),
Murdoch (1969) and Bernays and Chapman (1970) working w ith  t e r r e s t r i a l  m o llu sc s ,  
confirmed E l to n 's  p r e d i c t i o n ,  dem onstra ting  e x p er im en ta l ly  t h a t  " p re c o n d i t io n in g "  
or " h a b i tu a t io n "  can in f lu e n c e  food p re fe re n c e s .
To t e s t  th e  a p p l i c a b i l i t y  o f  t h i s  theo ry  to  m arine organism s, th e  e f f e c t
o f  prolonged exposure to  an a lg a  o f  medium-low p re fe re n c e  rank ing  was a sse ssed  
in  th e  la b o ra to ry  w ith  Litix>rina t i t t o r e a ,
a) Methods
The specimens invo lved  in  g u s ta to ry  p re fe re n c e  experim ents  w ith  Fuous se r ra tu s  
(S ec tion  5 .1 .1 )  were sub seq u en tly  t r a n s f e r r e d  to  an a e r a te d  seaw ater tank 
c o n ta in in g  ex c ised  fronds  (16L : 8 D photoregime; 10-15°C). F aeca l
m a te r ia l  was removed d a i ly  and f r e s h  Fuaus was added a t  r e g u la r  i n t e r v a l s .
1 0 0  days a f t e r  com pletion o f  the  i n i t i a l  experim ents, e d i b i l i t y  t r i a l s  were 
re p e a te d  in  a second s e r i e s  o f  two-way cho ice  experim ents.
To in v e s t ig a t e  the  e f f e c t  o f  h a b i tu a t io n  on a t t r a c t i v e n e s s ,  fo u r  t r i a l s
(40 animals p e r  t r i a l )  were perform ed w ith  two p a i r s  o f  t e s t  a lg a e ,  Fuousf 
P e tv e t ia  and Fuaus/Enteromorpha, Specimens were su b seq u en tly  p re c o n d i t io n e d
to  Fuous as d e sc r ib e d  above and the  p re fe re n c e  experim ents were then  re p e a te d  
u sing  th e  same a lg a l  p a i r s .
b) R esu lts
Following enforced  h a b i tu a t io n ,  no change was apparen t in  th e  e d i b i l i t y  o f  
Fuous, In a l l  r e p l i c a t e s  th e  r e f e re n c e  m a te r ia l  a lone  was consumed. The
r e s u l t s  of experim ents on a t t r a c t i v e n e s s ,  a re  summarised in  Table 27. Following
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enfo rced  exposure to  Fucus y th e  brown a lg a  proved more a t t r a c t i v e  in  bo th  
comparisons. The observed d e v ia t io n  from sco res  reco rded  in  p r e - h a b i tu a t io n  
t r i a l s  was h ig h ly  s i g n i f i c a n t  (P <0 .001 , C hi-squared  t e s t )  f o r  the  Fucus! 
Enteromorpha com bination but was n o t s i g n i f i c a n t  f o r  th e  o th e r  p a i r in g .
C le a r ly ,  r e c e n t  d ie t a r y  experience  does no t in f lu e n c e  a lg a l  e d i b i l i t y .  
The a t t r a c t i v e n e s s  o f n o n -p re fe r re d  sp ec ie s  may, however, be in c reased  by 
prolonged exposure to  t h a t  sp e c ie s .
Table 27. E f fe c t  o f  Fucus h a b i tu a t io n  on a lg a l  a t t r a c t i v e n e s s  to L-itto-r-ima 
Z'it'torea.
D is t r i b u t io n  o f  s n a i l s  
A lgal com binations p ^ e -h a b i tu a t io n  P o s t - h a b i tu a t io n
t r i a l s  t r i a l s [Chi-squared a n a ly s is )
Fucus serra izis 45 56
not s i g n i f i c a n t
P e tv e t ia 61 57
Fucus se rra tu s 34 55
P < 0.001
Entei'omoicpha 73 54
5 .2 . P re fe rence s tu d ie s  w ith  a lg a l germ lings
The major in f lu e n c e  of he rb iv o ry  on th e  com position o f l i t t o r a l  a lg a l  
communities undoubtedly  stems from in te n s iv e  g raz in g  o f  th e  e a r ly  germling 
s ta g e s  o f  th e  l i f e  h i s t o r y  (see  Geisselman, 1980; Lubchenco and Gaines, 1981; 
J e r n a k o f f ,  i n  p r e s s ) .  Assuming young p la n t s  to  be most s u s c e p t ib le  to  
h e rb iv o ry ,  th e  len g th  o f  tim e spen t a t  th e  germling s ta g e  and th e  le v e l  of 
g ra z e r  a c t i v i t y  during  t h a t  p e r io d ,  w i l l  be of fundamental importance to  th e  
outcome of a lg a /g r a z e r  i n t e r a c t i o n s .  Both Jones (1946, 1948) and Lodge (1948) 
conclude t h a t  th e  mechanism enab ling  dense p a t e l l i d  p o p u la t io n s  to  m ain ta in  
la rg e  a reas  of rock  com ple tely  devoid o f m acroalgal cover ,  i s  th e  e f f i c i e n t  
d e s t r u c t i o n  o f  germ lings soon a f t e r  e s tab l ish m e n t .  In c e n t r a l  C a l i f o r n ia ,
Dahl (1964) r e p o r te d  th e  occu rrence  o f  v e ry  young t h a l l i  in  l i t t o r i n i d  stomachs
«y
and r e l a t e d  t h i s  to  the  f r e q u e n t  appearance of com pletely  b a re  ro c k ,  w hile  in 
New England the  p e r s i s t e n c e  o f  Chondrus o r isp u s  i n  c e r t a i n  h igh  t i d e  pools  has 
been a t t r i b u t e d  to  th e  dense common w inkle  p o p u la t io n s  which e l im in a te  the  
co m p e t i t iv e ly  dominant ephemeral sp ec ie s  by feed ing  on th e  germling s tag es  
(Lubchenco, 1980).
The slower growing p e re n n ia l  a lgae  have re c o u rse  t o  a s i z e - r e l a t e d  escape 
whereby sp o re l in g s  e i t h e r  become immune t o ,  o r  a re  a b le  to  w ith s tan d , gastropod  
d ep re d a t io n .  This phenomenon was f i r s t  reco rded  by Jones (1946) and has s ince  
been confirmed by Knight and P a rk e (1950) and by Mange (1975). Menge no ted  t h a t  
Fuous g e m l in g s  achieved  r e l a t i v e  immunity to  s n a i l  g raz in g  on reach in g  a t h a l l u s  
le n g th  o f  th r e e  to  t i v e  c e n t im e tre s .
D esp ite  th e  p o t e n t i a l l y  c r u c i a l  n a tu re  o f  g raz ing  d u r in g  th e  e a r ly  phase o f  
a lg a l  developm ent, ve ry  few a ttem pts  have been made to  e lu c id a te  th e  p o s s ib le  
in f lu e n c e  o f  s e l e c t i v e  h e rb iv o ry  a t  t h i s  l e v e l .  Cheney (unpub. d a ta )  a t t r i b u t e d  
d i f f e r e n c e s  i n  th e  d i s t r i b u t i o n  of Chondrus e r isp u s  and Fuous d-istiohus  to  
anatom ical a d a p ta t io n s  to  g raz ing  e x h ib i te d  by ju v e n i l e  Chondrus bu t la ck in g  in  
Fuous, The unpub lished  work o f  McPhail and Norton a lso  p o in t s  to  s t ro n g  
s e l e c t i v i t y  a t  th e  germ ling l e v e l .
5 .2 .1 .  Germling e d i b i l i t y
L i t t o r i n i d  p re fe re n c e s  were examined in  two-way cho ice  experiments u s in g  
lawns o f  germ lings grown on g la s s  microscope s l i d e s .  Consumption o f  t e s t  
sp ec ie s  was gauged, where p o s s ib l e ,  a g a in s t  consumption o f  Utva laotuoa  which 
was h ig h ly  p a l a t a b l e  in  b o th  i t s  a d u l t  and ju v e n i le  p h a se s .
a) Methods
C u ltu re  of ju v e n i l e  Chlorophyceae
Release  o f  zoospores (and o c c a s io n a l ly  gametes) from f r e s h ly  c o l le c te d  Utva 
and Enteromorpha was achieved r e a d i ly  i n  th e  la b o ra to ry  during  sp r in g  and e a r ly  
summer. F e r t i l e  fronds  o f  b o th  sp ec ie s  were reco g n ised  by th e  p resence  o f
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y e l lo w ish  o r brow nish a re as  a long th e  margins o f  th e  b la d e .  In c o n t r a s t  to  
th e  o b se rv a tio n s  re p o r te d  by Sawada (1971), Sawada and Watanabe (1974) and 
Okuda (1975), optimum swarmer r e l e a s e  from Utva was achieved from p la n t s  
c o l l e c t e d  a t  sp r in g  t i d e s .
To secure  r e l e a s e  o f  spores  from Utva taotucay  f e r t i l e  f ronds  were removed 
from s e v e ra l  d i f f e r e n t  p la n t s  and washed a l t e r n a t e l y  i n  d i s t i l l e d  w ater and 
s t e r i l e  seaw ater .  Fronds were th en  p laced  in  square  p e t r i - d i s h e s  c o n ta in in g  
enriched  seaw ater (see Appendix A) and c lea n  microscope s l i d e s .  The d ish e s  
were i l lu m in a te d  by bench lamps and examined p e r io d i c a l ly  f o r  r e l e a s e  o f  
swarmers. When s p o r u la t io n  was observed, th e  f ronds  were removed and th e  spores 
were p e rm it te d  to  s e t t l e  o v e rn ig h t .  I f  i n s u f f i c i e n t  spores  were p re s e n t ,  the  
p rocess  was re p e a te d  w ith  f r e s h  f ro n d s .  ; Once adequate  spore  s e t t le m e n t  was 
ach ieved , th e  en riched  seaw ater medium was changed.
A s im i la r  p rocedure  was adopted w ith  Enteromorpha, Where r e l e a s e  o f  
swarmers from f e r t i l e  t i s s u e  was p o o r ,  th e  fronds were r e f r i g e r a t e d  ov e rn ig h t 
on damp b l o t t i n g  p aper .  Re-immersion f r e q u e n t ly  s t im u la te d  heavy r e l e a s e  o f  
s p o r e s .
The r a p id ,  dense growth o f  Utva and Enteromorpha lawns g e n e r a l ly  suppressed  
the  development of con tam inating  m ic ro f lo ra .  However l a r g e  numbers o f  p r o t o ­
zoans o c c a s io n a l ly  invaded th e  c u l tu r e s  and m u l t ip l ie d  r a p id ly ,  feed ing  on the 
a lg a l  spo res . L a t t e r ly ,  p ro tozoan  i n f e s t a t i o n  was l a r g e ly  p rec lu d ed  by d ipp ing  
th e  f e r t i l e  fronds in to  one p e rc en t  sodium h y p o c h lo r i te  s o lu t io n  fo llow ed by 
ic e - c o ld  en riched  seaw ater .
C u ltu re  of ju v e n i l e  Phaeophyceae
F e r t i l e  Fucus se r ra tu s  was abundant on th e  shore  from October/November to  
February/M arch. Following c o l l e c t i o n ,  excised  fronds  were s to re d  o v e rn ig h t  a t  
5°C. The fo llow ing  day, f e r t i l e  r e c e p ta c le s  were washed in  cool tap  w ater and 
wiped with paper to w e ll in g  t o  e l im in a te  g ro ss  contam inants  and remove d ischarged  
gametes. Subsequently  the  fronds were p laced  on b l o t t i n g  paper and allow ed to  
dry  u n t i l  s l i g h t l y  dehydra ted  (30-40 minutes a t  room te m p e r a tu r e ) . Male and
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female r e c e p ta c le s  were s e p a ra te d  and p laced  in  beakers  o f  c o ld ,  s t e r i l e  
seaw ater under an i r r a d ia n c e  of approx im ate ly  12W.m  ^ from warm w hite  
f lu o r e s c e n t  tu b e s .  Oospheres and an th e ro zo id s  were u s u a l ly  r e le a s e d  a f t e r  
s e v e ra l  hours .
Insem ination  was accomplished by mixing th e  re p ro d u c t iv e  c e l l s  tho rough ly  
and leav in g  th e  m ix tu re  to  s tan d  f o r  approx im ate ly  30 minutes a t  room tem p e ra tu re .  
Subsequently  th e  seaw ater su p e rn a ta n t  was decan ted , th e  f e r t i l i s e d  eggs were 
re-suspended  in  c o ld ,  s t e r i l e  seaw ater and th e  zygotes were p e rm it te d  to  s e t t l e .
On occas io n ,  improved r e l e a s e  o f  a n th e r id i a  was s t im u la te d  by p la c in g  
exc ised  male r e c e p ta c le s  on m oistened b lo t t i n g  paper and r e f r i g e r a t i n g  o v e rn ig h t .  
Re-immersion in  co ld  seaw ater was in v a r ia b ly  fo llowed by copious d isch a rg e  
( a f t e r  McLachlan e t  a t , y 1971).
To ach ieve  an even d i s t r i b u t i o n  o f  Fuous zygotes on th e  su b s tra tu m , th e  
microscope s l i d e s  were p laced  in  a c o n ta in e r  hold ing  s t e r i l e  seaw ater  to  a dep th  
o f  f i v e  to  s ix  c e n t im e tr e s .  The zygotes were dropped g e n t ly  onto  th e  w ater 
s u r fa ce  and p e rm it te d  to  s e t t l e  u n d is tu rb e d .  Firm a ttachm ent was achieved 
a f t e r  s ev e ra l  hours and th e  s l i d e s  were then  t r a n s f e r r e d  to  s tan d a rd  square 
p e t r i - d i s h e s  co n ta in in g  en riched  seaw ater medium.
Sodium h y p o c h lo r i te  was i n i t i a l l y  used to  e l im in a te  s u r fa c e  contam inants  
from th e  excised  t h a l l i .  However t h i s  was found to  cause h igh  gamete m o r t a l i t y  
and was consequen tly  d is c o n t in u e d .  Contam ination o f Fuous lawns was not 
g e n e r a l ly  a major problem.
J u v e n i le  Asooyhyttum  was c u l tu re d  in  a s im i la r  manner, f e r t i l e  fronds being 
c o l l e c te d  from February  to  May/June. Excised male and fem ale co n cep tac le s  were 
washed in  ta p  w ater  and p laced  in  s e p a ra te  beakers  o f  co ld  s t e r i l e  seaw ater under 
an i r r a d ia n c & .o f  approxim ate ly  12W.m ^ . Release o f  gametes from f e r t i l e  
co n cep tac le s  u s u a l ly  occurred  w i th in  two to  th re e  h o u rs .  Following r e l e a s e ,  
in sem in a tio n  was achieved as d e sc r ib e d  above and zygotes were s e t t l e d  and 
t r a n s f e r r e d  to  square  p e t r i - d i s h e s  c o n ta in in g  en riched  s eaw a te r .  The simple 
tech n iq u e  d e sc r ib ed  by McLachlan e t  a t .  (1971) and d is c u s s e d  above, was 
f r e q u e n t ly  employed to  s t im u la te  r e l e a s e  o f  gametes from "stubborn"  c o n c e p ta c le s .
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C u ltu re  o f  ju v e n i l e  Rhodophyceae
F e r t i l e  G ïg a rtïn a  s te lZ a ta  was p re s e n t  on th e  sh o re  from October/November 
to  J a n u a ry /F e b ru a ry . In th e  l a b o ra to ry ,  p a p i l l a e  b ea r in g  f e r t i l e  carpospo rang ia  
were p icked from th e  fronds and p laced  in  v i a l s  c o n ta in in g  s t e r i l e  seaw ate r .
To reduce  con tam in a tio n ,  th e  v i a l s  were a g i t a t e d  w ith  a f l a s k  shaker a t  a moderate 
speed f o r  approxim ate ly  two m in u te s . A f te r  shak ing , th e  seaw ater  was decanted  
and re p la c e d  w ith  f r e s h ,  s t e r i l e  seaw a te r .  This procedure  was re p e a te d  s ix  
t im e s .  The p a p i l l a e  were th en  p laced  in d iv id u a l ly  i n  drops o f  en r ich ed  seaw ater 
and l e f t  u n d is tu rb e d  in  a growth c a b in e t  o v e rn ig h t  ( c u l tu r e  co n d i t io n s  as  b e lo w ) . 
Released carpospores  were t r a n s f e r r e d  by s t e r i l e  P a s teu r  p i p e t t e  to  square  p e t r i -  
d ish e s  c o n ta in in g  en r ich ed  seaw ater  and c lea n  microscope s l i d e s .
D esp ite  th e  e la b o r a te  c lea n s in g  te ch n iq u e , th e  slow growth o f  Gigcæti-na 
d is c s  p e rm it te d  con tam inating  d ia tom s, green and b lu e -g re e n  a lg ae  and re d  a lg ae  
o f  th e  genus Avidou'inet'lay to  f l o u r i s h .  Consequently a l a r g e  pe rcen tage  o f  
s l i d e s  were n e c e s s a r i l y  d isca rd e d .  P r io r  to  th e  appearance o f  e r e c t  f ro n d s ,  
i t  was p o s s ib le  t o  r e s t r i c t  c e r t a i n  forms o f  con tam ination  - n o ta b ly  diatoms - 
by p e r io d ic  b rush ing  o f  in f e s t e d  s l i d e s  w ith  a l i g h t  p a in t  b ru sh .  Attempts to  
minimise con tam ination  by washing exc ised  p a p i l l a e  in  an u l t r a s o n i c  c lean in g  
b a th  (see Polne e t  a t . y 1980) and by d ipp ing  f e r t i l e  fronds in  a lcoho l (75-80%) 
d id  not reduce con tam ina tion  n o t ic e a b ly .  A dd ition  o f  germanium d iox ide  
(1-5 mg.l ^) to  th e  en riched  medium fo r  sh o r t  p e r io d s ,  in h ib i t e d  growth o f  
diatoms but d id  no t p reven t con tam ina tion  by o th e r  o rgan ism s.
C u ltu re  c o n d i t io n s
P r io r  to  choice experim en ts ,  a l l  germ lings were c u l tu re d  in  a growth 
c a b in e t  in  en riched  seaw ater  medium (see Appendix A) under a 16L : 8 D ph o to ­
regime, a t  an i r r a d ia n c e  o f  approxim ate ly  12 W.m ^ and a tem p era tu re  o f  15 ± 1°C. 
The en riched  medium was changed on a weekly b a s i s .
The germling lawns were used in  cho ice  experiments on reach in g  a t h a l l u s  
le n g th  o f  0 ,85 -1 .10  mm. Under th e s e  c o n d i t io n s ,  th e  time taken  f o r  t h i s  le n g th
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to  be a t t a i n e d ,  v a r ie d  as fo l lo w s :  Enteromorpha and UlvOy 19-22 days depending
on th e  d e n s i ty  of th e  lawn; Fuous, 19-27 days; Asoophyllum, 28-34 days; 
G tg a rtin a , 80-90 days.
Choice experiments
P re fe ren ce  experim ents compared consumption (dry weight) o f  two t e s t  s p e c ie s .  
The i n i t i a l  d e n s i ty  o f  each lawn was a sse s se d  us ing  a p o r ta b le  a re a  m eter 
(LAMBDA Instrum ents  C orpo ra tion  Model L I-3000) . To ensure  c o n s is te n cy ,  20 
read ings  were p rocured  f o r  each s l i d e  and an average  v a lu e  was c a lc u la te d .
Excess m o is tu re  was d ra in e d  from a l l  lawns b e fo re  th e  re a d in g s  were taken  and 
a c lean  m icroscope s l i d e  was drawn across  th e  p h o to c e l l  p e r io d i c a l ly  to  ensure 
th a t  th e  read in g s  were g e n u in e .
For each t e s t  s p e c ie s ,  a l i n e a r  r e g r e s s io n  equation  was computed between 
germ ling d e n s i ty  (independent x v a r i a b l e )  and dry  w eight (dependent y v a r ia b le )  
based on a sample o f  15 lawns (see  Table 28). This enabled m eter read in g s  to  
be converted  to  e s t im a te s  o f  d ry  w eigh t.
Each comparison o f  t e s t  sp ec ie s  was r e p l i c a t e d  te n  t im e s .  In  each 
r e p l i c a t e  th r e e  common w inkles (or t e n  f l a t  w ink les)  were p laced  in  a 
c r y s t a l l i s i n g  d is h  co n ta in in g  f i l t e r e d  seaw ater  and a p a i re d  combination o f  
germling law ns. Lawns o f  comparable d ry  w eight, mean t h a l l u s  le n g th  and 
d e n s i ty  were s e le c te d .
Grazing was p e rm it te d  to  proceed under a 16L : 8 D photoregim e and a t  a 
tem pera tu re  o f  10-15°C f o r  one to  th re e  days, depending on th e  v o r a c i ty  o f  th e  
s n a i l s .  Each experiment was te rm in a ted  b e fo re  consumption o f a l l  the  germ lings 
had occurred . Subsequently  th e  remnants o f  each lawn were d r ie d  o v e rn ig h t  in 
an oven and th e  d ry  weight o f  th e  su rv iv in g  germ lings was determ ined .
b) R esu lts
R esu l ts  o f  germ ling ch o ice  experim ents a r e  recorded  in  Table 29. A ll  r e s u l t s  
confirmed v i s u a l  a ssessm ents  o f  g ra z in g  p re fe re n c e s .  The common winkle
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s i g n i f i c a n t l y  p r e f e r r e d  Ulva to  a l l  o th e r  s p e c ie s ,  ex cep ting  Enteromorpha.
In  p a ire d  combination w ith  Ulva and Fuous, Asoophyllum  germ lings were no t g razed . 
In  a supplem entary s e r i e s  o f  s in g le - a lg a  feed ing  experim ents ( f iv e  r e p l i c a t e s ) ,  
Asoophyllum  lawns were i n i t i a l l y  avoided by th e  common winkle f o r  f i v e  to  s ix  
days. Subsequently  a c o n s id e ra b le  q u a n t i ty  o f  germ lings was d is lodged  by 
craw ling  s n a i l s  and i t  proved im possib le  to  a s s e s s  a c c u ra te ly  th e  q u a n t i ty  
a c tu a l ly  in g e s te d .
The red  a lg a  G ig a rttn a , a lso  remained ungrazed du rin g  two-way choice 
experim ents b u t  in  s in g le - a lg a  feed ing  t r i a l s  ( f iv e  r e p l i c a t e s ) ,  g raz ing  o f  
bo th  d is c s  and e r e c t  f ro n d s  was in v a r ia b ly  recorded  w i th in  fo u r  days.
Foraging s n a i l s  were o c c a s io n a l ly  observed to  b reak  th e  e r e c t  G igartin a  
fronds  w hile  c raw ling  a c ro s s  th e  lawns. To a s se s s  th e  a b i l i t y  o f  G igartin a  
to  r e p la c e  broken f ro n d s ,  a sample o f  f i f t y  h e a l th y  s p o re l in g s  was s e le c te d  
and a b lu n t  s c a lp e l  was used to  snap th e  u p r ig h t  f ronds  a t  th e  b a se .  The 
average d iam eter o f  th e  d i s c s  was approx im ate ly  2.5 mm. and th e  average len g th  
o f  th e  fronds  1.6 mm. A fte r  98 days, a l l  d is c s  showed c l e a r  s ig n s  o f  decay 
and no re -g ro w th  o f  e r e c t  f ronds  was a p p aren t .
The f l a t  w inkle  L lttori-n a  o b tu sa ta , was o f fe re d  a cho ice  between two 
c o n t r a s t in g  s p e c ie s ;  th e  fu c o id ,  Asoophyllum  and th e  ephemeral green a lg a ,  
Enteromorpha. No s i g n i f i c a n t  p re fe re n c e  was shown towards e i t h e r  a lg a  and 
both  were grazed e n t h u s i a s t i c a l l y .
Table 28. R e la t io n sh ip  between d e n s i ty  and dry weight o f  germ ling lawns:
L inear r e g r e s s io n  eq uations  (x = d e n s i ty ;  y = dry w eight; y = a + b x ) .
.  ^ Y - in te r c e p t ,  R egression  c o e f f i c i e n t .  C o r re la t io n
_________ ^ __________________________ a____________________ b______________ c o e f f i c i e n t ,  r
Asoophyllum nodosum 0.0153 0.0028 0.898***
Enteromorpha ■ in testtnal'ts  0.0058 0.0184 0.962***
Fuous se rra tu s  0.0060 0.0296 0.889***
Ulva laotuoa  0.0066 0.0190 0.969***
*** P < 0.001
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Tab le  29. Germling cho ice  experim ents.
Species Germling combination P re fe r r e d  a lg a
L -ittorina H tto r e a Asoophyttum; Utva
L 'itto rin a I 'itto re a Enteromorpha; Ulva -
L'Cttori-na Zi-ttorea Fuous se rra tu s ;  Utva Utva^
L'Lttorvna Z ztto rea G zgartina; Utva Utva^^^
L i-ttorin a Z ztto rea Asoophyttwn; Fuous Fuous
Li-tix>TÙna obtusaixt Asoophytturn; Enteromorp ha —
* 0.01 < P < 0.05
** 0.001 < P < 0 . 0 1
*** P < 0.001
5 .2 .2 .  D ire c t  comparison o f  a d u l t  and ju v e n i le  e d i b i l i t y
There has a p p a ren t ly  been no a ttem pt to  compare e x p e r im en ta l ly ,  p r e f e r e n t i a l  
g raz ing  o f  th e  a d u l t  and ju v e n i le  s ta g e s  o f  an a lg a .  F ie ld  o b se rv a t io n s  of 
l i t t o r i n i d  m ic r o d i s t r ib u t io n  suggest t h a t  th e  common winkle may be , by p re fe re n c e ,  
a g ra z e r  o f  th e  germling s ta g e s ,  w hile  th e  f l a t  w inkle s e l e c t s  the  a d u l t  t h a l l u s .  
This s e c t io n  compares g raz in g  on th e  a d u l t  and ju v e n i le  s tag e s  o f  taxonom ically  
and s t r u c t u r a l l y  c o n t r a s t i n g  a lg ae .
a) Methods
Feeding on germling lawns and exc ised  a d u lt  t i s s u e  was compared in  a s e r i e s  
o f  two-way choice experim ents . The b a s ic  experim ental p rocedure  was id e n t i c a l  
to  t h a t  d e sc r ib ed  above f o r  germling v e rsu s  germling t r i a l s .  To e s t im a te  the  
i n i t i a l  dry  weight o f  th e  a d u l t  m a te r i a l ,  l i n e a r  r e g r e s s io n  eq uations  of wet
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weight ( independent x v a r i a b le )  a g a in s t  dry w eight (dependent y v a r ia b le )  were 
computed f o r  a d u l t  t i s s u e  (see  Table  3 0 ) .  The r e g r e s s io n  equations  were oased 
on wet w e igh t/d ry  w eight d a ta  f o r  30 samples.
Table 30 . R e la t io n s h ip  between wet and dry weight o f  a d u l t  t i s s u e :  L inear
r e g re s s io n  e q u a tio n s .  (x = wet w eight; y = dry w eigh t;  y = a +bx)
Alga Y - in te r c e p t ,
a
R egression  c o e f f i c i e n t ,  
b
C o r re la t io n  c o e f f i c i e n t ,  
r
Fuous se rra tu s -0 .0130 0.2510 0.930***
Utva taotuoa 0.0305 0.0439 0.973***
*** P < 0.001
b) R esu lts
The r e s u l t s  a r e  summarised in  Table 31. Once a g a in ,  a l l  r e s u l t s  confirm 
v i s u a l  assessm ent o f  g raz ing  p re fe re n c e s .  Adult Utva and ju v e n i l e  Fuous were 
s i g n i f i c a n t l y  p r e f e r r e d  by th e  common w inkle . L'ittorûna o b tu sa ta  re v ea led  
c o n t ra s t in g  p re fe r e n c e s ,  s e l e c t in g  f o r  germ ling Utva and a d u l t  Fuous.
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Table 51. Adult v e rsu s  germ ling cho ice  experim ents.
L i t t o r i n i d  sp ec ie s P re f e r r e d  s tag e (Wilcoxon s igned -rank  t e s t )
Fuous se rra tu s Utva taotuoa
L 'itto rin a  t t t t o r e a Germling** Adult*
L ttto r in a  o b tu sa ta Adult* Germling*
* 0.01 < P < 0.05
** 0.001 < P < 0.01
5 .2 .3 .  Dislodgement of germ lings during  fo rag in g
Germling choice experim ents show t h a t  AsQophyttum i s  seldom g razed  a t  the  
ju v e n i le  phase , even under c o n d i t io n s  o f  moderate n u t r i t i o n a l  d u re ss .  Yet 
g raz ing  o f  AsoophyVlvm germ lings has been blamed f o r  low s u rv iv o rs h ip  o f  j u v e n i l e  
A soophytlim  on th e  sh o re  (Keser e t  a t . ,  1981; S.L. M i l le r  and R.L. Vadas, p e r s .  
comm.). A f a c t o r  which i s  f r e q u e n t ly  overlooked bu t which was very e v id en t  in  
la b o ra to ry  cho ice  experim ents , i s  th e  a c c id e n ta l  d is lodgem ent o f  germ lings by 
craw ling  (not feed in g )  s n a i l s .  Dislodgement o f  germ lings by non-feed ing  
Li-ttor-ina t z t to r e a  has been a sse ssed  in  a s e r i e s  o f  s im ple  la b o ra to ry  
e x p er im en ts .
a) Methods
Three g la s s  m icroscope s l id e s  supporting  Asoophyttvrn lawns o f  approx im ate ly  
equal d e n s i ty ,  were f i t t e d  in to  the  base o f  an 8 cm. square  p l a s t i c  d is h .  The 
d ish  (2 cm. deep) was f i l l e d  w ith  f i l t e r e d  seaw ater and two common w inkles 
(21-22 mm. s h e l l  h e ig h t)  were in tro d u ced . The s n a i l s  were p e rm it te d  to  crawl 
f o r  30 m inu tes ,  du ring  which tim e any specimen becoming in a c t iv e  was immediately
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re p la c e d .  Throughout th e  experiment th e  s n a i l s  were p h y s ic a l ly  p reven ted  from 
climbing th e  w a l ls  o f  th e  d ish .
The i n i t i a l  germ ling d e n s i ty  was es tim ated  by coun ting  th e  germ lings in  te n  
randomly s e le c te d  f i e l d s  (x5, b in o c u la r  microscope) on each s l i d e .  30 m inutes 
l a t e r  the  s n a i l s  were removed and th e  t o t a l  number o f  d is lo d g ed  germlings was 
reco rded .
To p rov ide  th e  germ lings w ith  an id e a l  su r fa ce  on which to  a t t a c h  f i r m ly ,  
th e  g la s s  s l id e s  were covered w ith  a la y e r  o f  f i n e  sand h e ld  in  p lace  by a th in  
f i lm  o f  Aquaseal aquarium s e a la n t .  Germlings were grown to  a mean th a l l u s  
len g th  o f  0 .8 5 -1 .1 0  mm. The experiment was r e p l i c a t e d  f iv e  tim es and f iv e  
c o n tro l  d ish e s  (w ithou t s n a i l s )  were a lso  m onitored.
b) R esu l ts
The average  p e rcen tag e  o f  germ lings d is lodged  in  t r i a l  and c o n tro l  runs  was 
c a lc u la te d .  Even over th e  s h o r t  d u ra t io n  o f  th e  experim ent, a lm ost f i v e  tim es 
as  many germ lings were d is lodged  in  t r i a l s  (0.76%) as in  c o n t ro l s  (0.16%). 
A p p lic a t io n  o f th e  S tu d e n t 's  t  t e s t  to  transform ed d a ta  showed a s i g n i f i c a n t  
d i f f e r e n c e  a t  th e  99.9% p r o b a b i l i t y  l e v e l .
5 .3 . S e le c t iv e  g raz ing  in  th e  f i e l d
Ayling (1978) s t r e s s e d  th e  need f o r  extreme c a u t io n  when p r e d ic t in g  d i e t s  
in  the  f i e l d ,  from th e  r e s u l t s  o f  l a b o ra to ry  cho ice  experim ents . N e v e r th e le s s ,  
i t  i s  undoubtedly  s im p le s t  to  s e p a ra te  th e  i n t e r a c t io n s  c o n t r o l l i n g  d i e t a r y  
s e l e c t i o n ,  in  th e  l a b o r a to r y .  I f  such an approach i s  adop ted , i t  i s  e s s e n t i a l  
t h a t  th e  a p p l i c a b i l i t y  o f  la b o ra to ry  p re fe re n c e  rank ings  to  fo rag in g  s t r a t e g y  
on th e  sho re , be adequa te ly  t e s t e d .
In th e  p a s t ,  h e rb iv o re  f i e l d  d i e t s  have been a s se ssed  by th e  a n a ly s i s  o f  
gut co n ten ts  and /o r f a e c a l  p e l l e t s  ( e .g .  Jo n es ,  1948; Grime e t  a l . ,  1970; 
K itch ing  and E b lin g ,  1961; K i t t i n g ,  1979; Vadas e t  a t . ,  1982). However, 
a lg ae  have few s k e l e t a l  o r  hard s t r u c tu r e s  and d i f f e r e n t i a l  d ig e s t io n  or
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decom position , r a t h e r  than  p re fe re n c e ,  may account f o r  th e  p re sen ce ,  absence 
or abundance o f  p rey  in  th e  gu t (Vadas, 1977). Indeed i n d i g e s t i b l e  and hence 
r e a d i l y  i d e n t i f i a b l e  s p e c ie s ,  may be p o o r ly  u t i l i s e d  m e ta b o l ic a l ly  and p o s s ib ly  
consumed only  in  r e l a t i v e l y  sm all q u a n t i t i e s .
Here, m acroalgal g raz in g  on th e  sho re  i s  a s se ssed  in s t e a d ,  by examining 
th e  m icrod i s t r i b u t io n  o f  fo rag in g  spec im ens . As th e  gastropod  g ra z e rs  a re  n o t  
h ig h ly  m obile , t h i s  approach i s  l i k e l y  t o  g ive  a good in d ic a t io n  o f  f i e l d  d i e t s .
5 .5 .1 .  M ic r o d is t r ib u t io n  o f  common and f l a t  w inkles  on th e  shore
a) Methods
The d i s t r i b u t i o n  o f  fo rag in g  w ink les  w ith  r e s p e c t  to  a v a r i e t y  o f  p o t e n t i a l  
food re so u rc e s  was examined a t  B u t te r  Lump on th e  I s l e  o f  Cumbrae. To co in c id e  
w ith  a p e r io d  o f  h igh l i t t o r i n i d  a c t i v i t y ,  a l l  samples were c o l l e c te d  on a r i s i n g  
t i d e  10-15 m inutes a f t e r  subm ersion.
Sampling on th e  m id-shore  was c a r r i e d  o u t in  an a re a  w ith  a r e l a t i v e l y  dense 
common w inkle  p o p u la t io n  under a mixed canopy o f  AsoophyZtum and Fuous se r ra tu s .  
In t h i s  a rea  th e  dominant u n d e rs to re y  a lg a  was th e  ephemeral g reen  Ulva laotuoa. 
Two q u ad ra ts  (0.5m x 0.5m) were p laced  on th e  substra tum  and each p l a n t  a t ta c h e d  
w i th in  th e  q u ad ra ts  was c a r e f u l ly  excised  a t  the  h o ld f a s t  and p la ce d  in  a 
po ly thene  bag f o r  subsequent exam ination in  th e  l a b o r a to r y .  P a r t i c u l a r  ca re  
was taken  no t  to  d is lo d g e  s n a i l s  from th e  a lg ae  during  rem oval. I t  was o f te n  
p o s s ib le  to  minimise d is tu rb a n c e  by en g u lf in g  th e  e n t i r e  p la n t  in  a f in e  mesh 
bag p r i o r  to  b reak ing  t h e  h o ld f a s t .
In th e  la b o ra to ry ,  th e  t o t a l  s u r fa c e  a re a  o f  each p l a n t  was determ ined u s ing  
a p o r t a b le  s u r fa c e  a re a  m eter. I n e v i ta b ly ,  s u r fa c e  a re a  measurements based on 
p lan im e te r  re a d in g s ,  f a i l  to  tak e  i n t o  account th e  a d d i t io n a l  su r fa ce  a re a  o f  
th e  e l ip so id  Asoophyllum  b la d d e rs .  To make allowance f o r  t h i s  p o t e n t i a l  source 
o f  e r r o r ,  th e  s u r fa c e  a re a  o f  a randomly c o l le c te d  sample o f  Asoophyllum  was 
determ ined u s in g  th e  s u r f a c e  a re a  m ete r .  The d iam eter and le n g th  o f  each
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b lad d er  was measured us ing  V ern ie r  c a l i p e r s  and th e  t o t a l  su r fa c e  a re a  o f  th e
b lad d ers  was e s t im a ted ,  assuming each b lad d er  to  approximate to  a p a i r  o f  cones
p la ce d  base  to  b a se .  F in a l ly ,  th e  b lad d e rs  were exc ised  from th e  p la n ts  and
th e  s u r fa c e  a rea  o f  th e  rem aining t h a l l u s  m a te r ia l  was determ ined  using  th e
su rfa c e  a re a  m eter.  This enab led  a c o r r e c t io n  f a c t o r  to  be computed and a p p l ie d
to  a l l  AsQophytlum s u r f a c e  a rea  measurements. The d iscrepancy  between " a c tu a l"
2 2s u r fa c e  a re a  and p la n im e te r  s u r fa ce  a rea  was approxim ately  29 cm p e r  1000 cm
p la n im e te r  s u r f a c e  a re a .  For each quad ra t th e  s u r fa c e  a rea  o f  th e  s tone
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substra tum  was assumed to  be 0.25 m , though t h i s  i s  undoubtedly  a s l i g h t  
u n d e re s t im a te .
At B u tte r  Lump th e  common w inkle  reaches  i t s  h ig h e s t  d e n s i ty  in  th e  upper 
AsQophyttum zone, a p a r t  o f  th e  shore  on which loose  " d r i f t "  a lg a l  m a te r i a l  i s  
r e g u la r ly  d e p o s i ted  by th e  reced ing  t i d e .  A second a re a  o f  h igh l i t t o r i n i d  
d e n s i ty  was s e le c te d  w ith in  t h i s  zone and m ic r o d i s t r ib u t io n  was reco rded  in  two 
0.5imx 0.5m. q u a d ra ts ,  fo llow ing  th e  procedure o u t l in e d  above.
The d i s t r i b u t i o n  o f  LitixTina..oh±usaixi- snd L-ittorC?ia mariae was a sse ssed  in  
a s im i la r  manner. Two a re as  were s e le c te d  fo r  sampling: a Fuous serra izis
s ta n d  w ith  an u n d e rs to re y  of Ulva laotuoa', and a mixed s tan d  o f  Asoophyllum^
Fuous se rra tu s  and Fuous ves-iou losu s. J u v e n i le  f l a t  w inkles  (immature specimens, 
s h e l l  len g th  g e n e r a l ly  < 0.7 cm) were recorded  s e p a r a te ly .  No allowance was 
made f o r  the  a d d i t io n a l  su r fa c e  a rea  o f  Fuous ves^oulosus  b la d d e r s .  B ladders 
o f  t h i s  sp ec ie s  a re  l e s s  abundant, sm a l le r  and f l a t t e r  than  those  o f  Asoophyllum.
b) R esu lts
The r e s u l t s  a re  summarised in  T ables 32-35. A ll f ig u r e s  r e p re s e n t  winkle 
2abundance per m of s to n e  substra tum  o r  a lg a l  lam ina. On th e  m id-shore , common 
w inkle fo rag in g  i s  con fined  predom inantly  to  th e  s to n e  substra tum  and to  a t ta c h e d  
Ulva. Very few specimens were found on e i t h e r  o f  th e  p e re n n ia l  fu co id s  - 
p a r t i c u l a r l y  th e  in e d ib le  Asoophyllum. F u r th e r  up th e  shore , where l i t t o r i n i d  
p o p u la t io n s  a re  g e n e r a l ly  d en se r ,  bu t  more p a tc h i ly  d i s t r i b u t e d ,  loose  " d r i f t "  
a lg a l  m a te r ia l  a t t r a c t s  fo rag in g  in d iv id u a l s  a t  h igh d e n s i t i e s .
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Table 32. M ic r o d is t r ib u t io n  o f  fo rag in g  L'ittor'ina t-itixr& a  in  the  





Fuous se rra tu s 3.34
Ulva laotuoa  ( a t ta ch e d ) 18.68
Rock 30.00
Table 33. M ic ro d is t r ib u t io n  o f  fo rag in g  L 'itto r tn a  Vittor&
Asoophyllum  zone.
Substratum Abundance (Numbers.m ^)
Asoophyllum nodosum 11.08
Porphyra um blV toalis  
(u n a ttach ed  d r i f t )
60.72
Ulva laotuoa
(un a ttach ed  d r i f t )
107.68
Rock 134.00




L -itto rin a  o b tu sa ta  L t t to r tn a  mar'Cae J u v e n i le s
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Table 35. M ic ro d is t r ib u t io n  o f  fo rag in g  f l a t  w inkles  in  a mixed fu co id  s tand,
Substratum
Abundance (Numbers.m 
L-it-bovlna ohtusaixz L l t to r in a  m ariae J u v e n i le s
AsQophyttian nodosum 7 .70 2.70 20.31
Fuous se r ra tu s  5.43 6.07 11.82
Fuous v e s io u lo su s  12.85 3.10 13.73
In th e  Fuous s e r ra tu s  zone, a d u l t  f l a t  w inkles  o f  b o th  sp e c ie s  a r e  confined  
a lm ost e x c lu s iv e ly  t o  th e  lamina o f  th e  canopy s p e c ie s .  J u v e n i le  specimens, 
however, occurred  a t  h ig h  d e n s i t i e s  in th e  "w rink les"  o f  a t ta c h e d  Ulva fronds  
and in  c re v ic e s  on th e  rock  s u r f a c e  - both  o f  which p rov ided  s u i t a b ly  s h e l t e r e d  
and p ro te c te d  m ic ro h a b i ta t s .
Amongst mixed fu c o id s ,  L itto r in a  o b tu sa ta  was most abundant on Fuous 
v e s io u lo su s , a sp ec ie s  which ranked very  h ig h ly  i n  bo th  e d i b i l i t y  and a t t r a c t i v e ­
ness  t r i a l s .  L, m ariae  was most common on Fuous se rra tu s  but no tab ly  r a r e  on 
Asoophyllum, J u v e n i le  specimens were common on a l l  fu co id s  bu t achieved maximum 
d e n s i t i e s  on Asoophyllum nodosum. Damaged Asoophyllum  b lad d ers  appeared to  
p ro v id e  id e a l  san c tu a ry  f o r  immature specimens.
5 .3 .2 .  M ic r o d is t r ib u t io n  o f  h ig h -sh o re  common winkles a t  P o r te n c ro s s ,
F i r t h  o f  Clyde
The common w inkle  p o p u la t io n s  o c cu r r in g  a t  s h e l t e r e d  lo c a t io n s  in  th e  
P o r ten c ro ss  a re a  (O.S. Map R ef . :  NS176489) a re  u n u su a l ly  den se . On th e  upper
shore , th e  mean p o p u la t io n  d e n s i ty  g e n e r a l ly  f a l l s  between 2 0 0  and 1 2 0 0  specimens
2 2 p e r  m . L o ca lly ,  however, p o p u la t io n s  of up to  8 ,000-10 ,000  p e r  m were
reco rd ed  (see  F ig .  1 ) .  The substratum a t  th e se  s i t e s  i s  composed l a r g e ly  o f
loose  s to n es  and small b o u ld e rs .  A ttached m acroalgae a re  com ple te ly  a b se n t .
F ig . 59. L it to r in a  H tto v e a  feed ing  on u n a tta ch ed  d r i f t  Ulva.
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Casual o b se rv a tio n s  a t  P o r ten c ro ss  sugges t  t h a t  lo o se ,  " d r i f t "  a lg a l  m a te r ia l  
d eposited  on th e  upper shore  - p a r t i c u l a r l y  Ulva laotuoa  - may f u l f i l  a 
p o t e n t i a l l y  c r i t i c a l  r o l e  in  th e  d i e t  o f  upper shore  p o p u la t io n s  (see F ig s .  39 
and 40).
a) Methods
Ten 0.5m-X 0 . 5m -quadrats  were sampled in  a reas  w ith  abundant d r i f t  Ulva.
In each q u a d ra t ,  common w inkle  d i s t r i b u t i o n  was reco rded  r e l a t i v e  to  'the 
a v a i l a b le  s u r fa c e  a re a  (rocky substra tum  and u lv o id  t h a l l u s ) .  For f i v e  o f  th e  
q u a d ra ts ,  th e  number o f  a c t i v e  s n a i l s  on each su r fa c e  was a lso  reco rded . A ll 
Ulva appeared to  be in  good c o n d i t io n  and durometer t e s t s  d id  n o t  re v e a l  any 
s i g n i f i c a n t  d i f f e r e n c e  in  toughness from f r e s h ,  a t ta c h e d  Ulva c o l l e c te d  lower 
down th e  shore .
b) R esu lts
The mean d e n s i ty  o f  s n a i l s  on u n a tta ch ed  Ulva was 0 .0 6 2 .cm  ^ ± 0.008 and on 
the  ro ck , 0 .0 5 0 .cm  ^ ± 0 .008. The Wilcoxon s ig n ed -ran k  t e s t  re v e a le d  a 
s i g n i f i c a n t  d i f f e r e n c e  a t  th e  95% p r o b a b i l i t y  l e v e l ,  8 8 % o f  specimens on Ulva 
compared w ith  39% on th e  rock , were a c t i v e  a t  th e  time o f  sam pling.
5 .3 .3 .  Grazing o f  mature fu co id s  by th e  common w inkle
Labora tory  p re fe re n c e  experim ents in d ic a te  t h a t  Asoophyllum  is  p e c u l i a r l y  
d i s t a s t e f u l  to  L itto r ir ia  l i t t o r e a .  D esp ite  the  occurrence  o f  l o c a l l y  dense 
l i t t o r i n i d  p o p u la t io n s  in  th e  upper Asoophyllum  zone, t h e r e  i s  no v i s u a l  evidence 
o f  in te n s iv e  common w inkle  g raz ing  damage on Asoophyllum  fronds  in  th e  f i e l d .
To in v e s t ig a t e  th e  s h o r t - te rm  impact o f  dense common w inkle  p o p u la t io n s  on a 
s tan d  o f Asoophyllum, a s e r i e s  o f  h e rb iv o re  in c lu s i o n / e x c lu s ion  experim ents 
were designed .
F ig . 40 . L itto r in a  'L ittorea  feed ing  on u n a ttach ed  d r i f t  
Fuous s e r ra tu s .
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a) Methods
Four s h e l t e r e d  p l o t s  (0.6m.x 0.5m) were s e le c te d  on open rock a t  B u t te r  Lump: 
two in  th e  A soophyllim  zone and two in  a pure  s tand  o f  Fuous s e r ra tu s .  A ll  
a t ta c h e d  a lg ae  were c le a re d  from th e  rock  su rfa c e  immediately surrounding  th e  
p lo t s  and a band o f  TBT a n t i - f o u l in g  p a in t  0 .1 - 0 .2m.wide, was a p p l ie d  to  the  
substra tum  to p re v e n t  imm igration o f  l im p e ts ,  r e s t r i c t  movement o f  l i r t o r i n i d s  
and mark th e  lo c a t io n  of th e  p lo t s  (see  F ig .  41 ).  D esp ite  Hawkins and 
H a r t n e l l ' s  (1983) concern  over th e  e f f e c t s  o f  to x ic  r u n - o f f  from a n t i - f o u l in g  
p a i n t s ,  n e i th e r  th e  s n a i l s  nor th e  a lg ae  appeared to  s u f f e r  adverse  e f f e c t s  over 
th e  two-week experim ent. A ll f l a t  w in k le s ,  l im p e ts  and p re d a to ry  Thais lap iV tu s  
were removed from th e  p lo t s  a t  th e  o u t s e t .  Table 36 o u t l i n e s  th e  t re a tm e n ts  
a p p l ie d  to  each p l o t .
The a d ju s te d  l i t t o r i n i d  p o p u la t io n s  in  p l o t s  A2 and B2 were m ain ta ined  a t  
a d e n s i ty  o f  500-670.m ^ . Although th e  experiment co in c id ed  w ith  a p e r io d  o f  
u n u su a l ly  calm w ea th e r ,  s n a i l s  were f r e q u e n t ly  washed from th e  t r i a l  p lo t s  and 
i t  was n ecessa ry  to  v i s i t  th e  s i t e  d a i ly  to  r e p la c e  d is lo d g ed  specimens. The 
experiment was te rm in a te d  a f t e r  two weeks, when heavy seas  d is lo d g ed  a l l  th e  
s n a i l s  and s e v e re ly  damaged Fuous and AsoophyVlum p l a n t s  w i th in  th e  p l o t s .
b) R esu lts
The i n i t i a l  absence o f L itto r if ia  l i t t o r e a  from a l l  p lo t s  was c h a r a c t e r i s t i c  
o f  "open rock"  a t  every s i t e  examined in  th e  F i r t h  o f  Clyde in  th e  course  o f 
t h i s  s tu d y , r e g a rd le s s  o f  exposure  and th e  corresponding  p re sen ce /ab sen ce  o f  
fu co id  cover .
F ig s .  42 and 43 i l l u s t r a t e  th e  c o n d i t io n  o f  a lg a e  in  th e  t r i a l  p lo t s  b e fo re  
th e  in t ro d u c t io n  o f  w inkles  and two weeks l a t e r ,  a t  th e  end o f  th e  experim ent. 
Fuous s u f fe re d  e x te n s iv e  g raz in g  damage - p a r t i c u l a r l y  a t  the  frond  t i p s ,  b u t 
no damage was ap p aren t  on Asoophyllum  fronds  d e s p i t e  th e  dense winkle p o p u la t io n .  
Algae in  both  c o n tro l  p l o t s  remained in  e x c e l le n t  c o n d i t io n  throughout the  
experim en t.
Fig- 41 . Fuous p lo t s  in  L it to r in a  l i t t o r e a  i n c l u s i o n / exclus ion 
e x p e r im en ts .
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Table 5 6 . H erbivore  in c lu s  i o n / e x c lu s ion  experim ents : Treatment o f  
exper im en ta l  p l o t s .
L itto r in a  l i t t o r e a  p o p u la t io n  d e n s i ty  (.ra
P lo t  Number Alga O r ig in a l  p o p u la t io n A djusted p o p u la t io n
A1 (c o n tro l) Asoophyllum 0 0
A2 Asoophyllum 0 500-670
B1 (c o n tro l) Fuous s e r ra tu s 0 0
B2 Fuous se r ra tu s 0 500-670
5 .4 .  D iscuss ion
Laboratory  cho ice  experim ents in d ic a te  s t ro n g  food p re fe re n c e s .  For th e  
common w inkle  th e s e  correspond c lo s e ly  t o  th e  p re fe re n c e s  d e sc r ib ed  p re v io u s ly  
by Lubchenco (1978) working w ith  specimens c o l l e c te d  in  th e  New England i n t e r ­
t i d a l  .
A t t r a c t iv e n e s s  and e d i b i l i t y  rank ings  a re  s im i la r  f o r  b o th  common and f l a t  
w in k les .  Being slow moving h e rb iv o re s ,  th e  l i t t o r i n i d s  a re  unab le  to  deal 
s e p a r a te ly  w ith  food requ irem en ts  and h a b i t a t  req u irem en ts ,  and consequen tly  the  
s n a i l s  must ba lance  th e se  two - o f te n  c o n f l i c t in g  - s e t s  o f  s e l e c t i v e  p re s s u re s  
in  a r r i v in g  a t  a c l e a r l y  d e f in ed  s e r i e s  of p re fe re n c e s .  For th e  common w inkle , 
which i s  p r im a r i ly  an in h a b i ta n t  o f  th e  rock s u r f a c e ,  g u s ta to ry  requ irem en ts  w i l l  
c o n s t i t u t e  th e  predom inant f a c t o r  i n  d e te rm in in g  t h i s  b a lan ce .  The h igh  rank ing  
o f  th e  f o l i o s e  ephemeral a lg ae  in d ic a te s  t h a t  th e se  s p e c ie s  a re  n u t r i t i o n a l l y  
v a lu ab le  an d /o r  e a s i l y  consumed.
In c o n t r a s t ,  th e  f l a t  w ink le  r e l i e s  on th e  m acroalgal t h a l l u s  to  p rov ide  
both  food and a s e c u re  and s a f e  h a b i t a t .  As a r e s u l t ,  i t  i s  n o t  s u r p r i s in g  to  
f in d  th e  p e re n n ia l  canopy-forming a lg ae  ou trank ing  th e  ephemeral u n d e rs to re y
F ig . 4 2 . E f fe c t  o f  dense common winkle  p o p u la t io n  on Fuous se rra tu s  in  
in c lu s io n /e x c lu s io n  experim ents  .
A. Typical fronds  p r io r  to  in t ro d u c t io n  o f  L i t to r in a .
B. The same fronds  two weeks a f t e r  in t r o d u c t io n .
A.
B
F ig . 4 3 . E f fe c t  o f  dense common winkle p o p u la t io n  on AsQophyllum in  
i n c l u s i o n / e x c lu s ion  experim ents.
A. Typical fronds p r i o r  to  in t ro d u c t io n  o f  L itto r in a .
B. The Same fronds two weeks a f t e r  i n t r o d u c t io n .
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sp ec ie s  in  a t t r a c t i v e n e s s  t r i a l s .  That th e  same sp ec ie s  a l s o  rank h ig h e s t  in  
g u s ta to ry  experiments su g g es ts  t h a t  the  f l a t  w inkles have evolved th e  a d d i t io n a l  
c a p a c i ty  to  u t i l i s e  th e  t h a l l i  e f f i c i e n t l y  as  food so u rc e s .  This i s  borne  o u t  
by d i f f e r e n c e s  in  t h e  shape o f  th e  r a d u la r  t e e t h  (Chapter 4) which perm it 
L. ob tu sa ta  and L. m ariae to  excava te  th e  fuco id  t h a l l i  w ith  p a r t i c u l a r  d e x t e r i t y .
S in g le -a lg a  feed ing  experim ents w ith  th e  common w inkle  dem onstra te  a 
c a p a c i ty  to  g raze  a lg ae  r e p re s e n t in g  a wide v a r i e t y  o f  c o n t r a s t i n g  taxonomic and 
m orphological ty p e s .  N e v e r th e le s s ,  many o f  th e se  sp ec ie s  a re  grazed  only  a f t e r  
a leng thy  p e r io d  o f  s t a r v a t i o n .  A prem ise  o f  Optimal Foraging Theory i s  t h a t  
fo rag in g  behav iou r  i s  designed  to  maximise energy a s s im i l a t i o n  pe r  u n i t  time 
(Hughes, 1980). I t  i s  p robab le  t h a t  th o se  a lg ae  r e j e c t e d  under normal c ircum ­
s ta n c e s ,  a re  e i t h e r  d i f f i c u l t  to  consume o r  low in  energy c o n te n t .  Hence th e  
e f f o r t  o f  in g e s t io n  and a s s im i la t io n  is  unw arranted in  the  p resence  o f  a l t e r n a t i v e  
h ig h e r- ran k in g  food i t e m s .
Grazing o f  th e  e r e c t ,  c o r a l l i n e  a lg a  CoraZHna, i s  p rec luded  by th e  n a tu re  
o f  th e  a l g a ' s  s t r u c t u r a l  d e fen ces .  The a r t i c u l a t e d  j o i n t s  between ca lca reo u s  
segments c o n s t i t u t e  th e  only  p o t e n t i a l  "A ch il le s  H eel" . As th e  gastropod  
ra d u la  i s  in v a r i a b ly  w ider th a n  th e  u n c a lc i f i e d  j o i n t s ,  th e  a l g a ' s  defences a r e ,  
to  a l l  i n t e n t s  and p u rposes , impregnable to  a l l  sp ec ie s  (see  Goss-Custard  e t  
a t . ,  1979). E re c t ,  c a lca reo u s  p l a n t s  a lso  rank very  low i n  u rc h in  p re fe re n c e s  
(Vadas e t  a t . ,  1982; N.T. Hagen, p e r s .  comm.) and a re  seldom grazed by 
h e rb ivo rous  f i s h  (Vermeij, 1978), perhaps because s t r u c t u r a l  calcium carbonate  
reduces  th e  a l g a ' s  c a l o r i f i c  v a lu e  (Hawkins and H a r tn o l l ,  1983). As a r e s u l t ,  
members of t h i s  fu n c t io n a l  group a re  l a r g e ly  immune to  g raz in g  b o th  in  th e  
i n t e r t i d a l  and in  th e  s u b t id a l  (see  P a ine , 1979) .
The e f f e c t  of r e c e n t  feed ing  h i s t o r y  on th e  subsequent d i e t s  and p re fe re n c e s  
of marine h e rb iv o re s  i s  l a r g e ly  unknown. The r e s u l t s  o f  s t a r v a t i o n  experim ents 
c a r r i e d  ou t in  t h i s  study  u n d e r l in e d  th e  importance o f  d i s t in g u i s h in g  between 
a t t r a c t i v e n e s s  and e d i b i l i t y .  E d i b i l i t y  i s  a fu n c t io n  o f  th e  mechanical 
c a p a b i l i t i e s  o f  th e  feed ing  ap p ara tu s  to g e th e r  w ith  th e  n u t r i t i o n a l  v a lu e  o f  
th e  p o t e n t i a l  food item . C onsequently , e d i b i l i t y  i s  no t in f lu en c ed  by th e
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n u t r i t i o n a l  s t a t e  o f  th e  g ra z e r .  A t t r a c t iv e n e s s ,  however, ba lances  no t  only  
th e  g u s ta to ry  a sp e c ts  o f  th e  food s u b s t r a t e ,  but a lso  th o se  a t t r i b u t e s  which 
determ ine i t s  va lu e  as a h a b i t a t .  Under co n d itio n s  o f  n u t r i t i o n a l  d u re ss  a 
s h i f t  o f  emphasis away from h a b i t a t  va lu e  and towards food v a lu e  may be 
a n t i c ip a t e d .  C e r ta in ly  Utva a t t r a c t e d  a h igher p ro p o r t io n  o f  s n a i l s  in  p o s t ­
s t a r v a t i o n  t r i a l s ,  a lthough  t h i s  d i f f e r e n c e  was not s t a t i s t i c a l l y  s i g n i f i c a n t .  
With r e s p e c t  to  th e  E nterom orpha!P etvetia  comparison, fo ra g in g  a c tu a l ly  became 
s i g n i f i c a n t l y  l e s s  d i s c r im in a te  fo llow ing  s t a r v a t i o n ,  w ith  more specimens 
a t t r a c t e d  to  th e  le s s  e d ib le  s p e c ie s ,  P e tv e t ia .  Unless t h e r e  i s  a p a r t i c u l a r l y  
wide g u lf  in  e d i b i l i t y  between th e  two sp ec ie s  ( e .g .  UtvafPuQus s e r ra tu s )  th e  
tendency f o r  fo ra g in g  s n a i l s  sim ply to  s e t t l e  and feed  on th e  f i r s t  a lg a  
encountered  ( r e g a rd le s s  o f  th e  p o s i t i o n  o f  t h a t  sp ec ie s  i n  normal p re fe re n ce  
ran k in g s )  w i l l  p robab ly  grow as th e  s n a i l s  become h u n g r ie r ,  r e s u l t i n g  in  l e s s  
d is c r im in a te  g ra z in g .
The components o f  f a e c a l  m a te r ia l  ex cre ted  by s ta rv e d  specimens were not 
i d e n t i f i e d  p o s i t i v e l y .  However, J .A . A llen  (p e rs .  comm.) made comparable 
o b se rv a tio n s  on th e  ex cre ted  p roduc ts  o f  s ta rv e d  b iv a lv e s  and conside red  the  
f a e c a l  m a te r ia l  to  comprise p r im a r i ly  th e  p ro d u c ts  of th e  co n tin u in g  a c t i v i t y  
of th e  v acu o la ted  c e l l s  o f  th e  d ig e s t iv e  g land . in  s ta rv e d  b iv a lv e s ,  th e se  
c e l l s  co n tinue  to  c u t  o f f  sp h e ru le s  in to  th e  lumen o f  the  d ig e s t iv e  d iv e r t ic u lu m . 
F r e t t e r  and Graham (1962) r e f e r  to  a s im i la r  mechanism i n  c e r t a i n  g a s tro p o d s ,  
" la rg e  y e l lo w ish  c o n c re t io n s ,  u s u a l ly  s p h e r ic a l  but f r e q u e n t ly  q u i t e  i r r e g u la r  
in  shape" appearing  i n  th e  fa e c e s .  Though th e  t r u e  n a tu re  o f  th e  sp h e ru le s  i s  
unknown, th e  c o n c re t io n s  appear to  o r i g i n a t e  in  th e  c ry p ts  o f  th e  d ig e s t iv e  
gland and p robably  comprise t r u l y  e x c re to ry  m a te r ia l  r a t h e r  th a n  fa e c a l  m a tte r  
d e r iv ed  from th e  i n d i g e s t i b l e  r e s id u e  o f  p a r t i c u l a t e  food ( F r e t t e r  and Graham, 
1962) .
Prev ious feed in g  ex p er ien ce ,  l i k e  n u t r i t i o n a l  s t a t u s ,  a f f e c t s  a t t r a c t i v e n e s s  
and no t  e d i b i l i t y .  In  t r i a l s  w ith  L itto r in a  l i t t o r e a ,  e d i b i l i t y  remained 
unchanged fo llow ing  pro longed  exposure to  Fuous s e r r a tu s .  The fu c o id ,  however, 
a t t r a c t e d  s i g n i f i c a n t l y  more s n a i l s  in  p o s t - h a b i tu a t io n  t r i a l s .  The u n d e r ly in g
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mechanics o f  th e  p re -c o n d i t io n in g  p rocess  a re  u n c e r t a in .  On an ev o lu t io n a ry  
t im e - s c a le ,  t h e  feed ing  ap p ara tu s  o f  each sp ec ie s  i s  undoubtedly  r e f in e d  to  
perm it feed in g  on th o se  food sources  w ith  which th e  animal comes in to  co n tac t  
most f r e q u e n t ly .  Over a s h o r t  p e r io d  o f  t im e , in d iv id u a l  specimens may be 
p re -c o n d i t io n e d  to  respond s t ro n g ly  to  some f a c e t  o f  an abundant a lg a  - perhaps 
th e  exudate  - simply because t h i s  i s  a s s o c ia te d  w ith  t h e  p resence  o f food, 
i r r e s p e c t i v e  o f  whether o r  no t  t h a t  food i s  h ig h ly  p r e f e r r e d .
Temporary h a b i tu a t io n  to  a s p e c i f i c  food item should  be d is t in g u is h e d  from 
th e  form o f  h a b i tu a t io n  dem onstra ted  by H irsch  (1951) and by Humphrey (1930), 
who examined th e  te rm in a t io n  o f  resp o n ses  to  a r t i f i c i a l  s t im u l i  such as 
mechanical a g i t a t i o n .  The form er, based on a s t re n g th en e d  re sp o n se ,  may be 
termed p o s i t i v e  h a b i tu a t io n  and th e  l a t t e r ,  invo lv ing  a lo s s  o f  re sp o n se ,  
n e g a t iv e  h a b i tu a t io n .
The e le v a te d  e d i b i l i t y  o f  fu co id  re p ro d u c t iv e  t i s s u e  has been noted 
p re v io u s ly  by F a l l e r - F r i t s c h  and Emson (1972), working w ith  sea  u rc h in s ,  and is  
a phenomenon which may in f lu e n c e  a lg a l  f i t n e s s  markedly - e s p e c ia l l y  where the  
canopy-dwelling  f l a t  w ink le  is  abundant. G rea te r  e d i b i l i t y  may r e s u l t  from a 
h ig h e r  n u t r i t i o n a l  va lu e  o r ,  a l t e r n a t i v e l y ,  from a r e d u c t io n  in  a n t i -h e rb iv o re  
d e fen ces .  With re g a rd  to  s t r u c t u r a l  d e fen ces ,  fu co id  r e c e p ta c le s  a re  n o t 
s i g n i f i c a n t l y  s o f t e r  th an  v e g e ta t iv e  t i s s u e  (durometer t e s t s )  . However,
Rhoades and Cates (1976) sugges t  t h a t  d i f f e r e n t  t i s s u e s  may vary  in  t h e i r  co n ten t  
o f  d e fen s iv e  compounds a n d /o r  d i g e s t i b i l i t y  r e d u c e r s .  The p h e n o l ic s  most 
commonly a s s o c ia te d  w ith  th e  fu co id  a lg ae ,  a c t  as q u a n t i t a t i v e ,  g e n e r a l i s t  
b a r r i e r s  to consumption and Levin (1976) considered  th e  w i th in - p la n t  d i s t r i b u t i o n  
of such compounds to  vary  acco rd ing  to  th e  age, b u t  no t t h e  p h y s io lo g ic a l  s t a t e ,  
o f  th e  t i s s u e .  Hence i t  i s  improbable t h a t  th e  l e v e l  o f  p h en o l ic s  causes th e  
h igh  e d i b i l i t y  o f  th e  Fuous r e c e p ta c l e s .  I t  i s  more l i k e l y  t o  be a r e f l e c t i o n  
o f  t h e i r  e le v a te d  n u t r i t i o n a l  or c a l o r i c  v a lu e  (see  Pa ine  and Vadas, 1969b; 
Geiselman, 1980). I t  should  be borne in  mind, however, t h a t  th e  w i th in - p la n t  
d i s t r i b u t i o n  of secondary p l a n t  m e ta b o l i te s  i s  s t i l l  l a r g e ly  unexplored .
On th e  m id-shore , the  m ic r o d i s t r ib u t io n  o f  common w inkles  confirms th e
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m acroalgal p re fe re n c e  rank ings  d e r iv e d  in  la b o ra to ry  exper im en ts .  A h igh  
p ro p o r t io n  of fo rag in g  specimens were found on th e  rocky su bs tra tum  and th i s  
i s  p robab ly  in d i c a t i v e  o f  th e  im portan t r o l e  p layed  by diatoms and m ic roa lgae  
in  th e  d i e t .  A very  d e f i n i t e  avoidance o f  Asacfphyllvmy b o th  as a food p la n t  
and as a h a b i t a t ,  was m an ife s t  th roughou t,  i r r e s p e c t i v e  o f  th e  ep iphy te  lo a d .
In  th e  upper AsQophytlym  zone, where s n a i l  d e n s i t i e s  a r e  g e n e ra l ly  h ig h e r ,  
changes in  th e  a v a i l a b i l i t y  o f  food re s o u rce s  prompt a corresponding  change in  
fo ra g in g  s t r a t e g y .  Here, th e  on ly  p o te n t i a l  m acroalgal food o ccu r r in g  in  any 
abundance i s  th e  n o n -p re fe r re d  Asoophytlim  and even t h i s  may be v i r t u a l l y  absen t 
a t  more exposed s i t e s  such as P o r te n c ro s s ,  However each h igh  t i d e  d e p o s i t s  a 
q u a n t i ty  o f  lo o s e ,  d r i f t  a lg a l  m a te r ia l  on t h i s  p a r t  o f th e  shore  which 
p ro v id es  an id e a l  food sou rce  fo r  th e  o p p o r tu n is t  g r a z e r .  At s i t e s  sup p o rt in g  
dense w inkle  p o p u la t io n s ,  u n a t ta ch e d  m acroalgal m a te r ia l  may be o f  v i t a l  
im portance , a s  i n t e n s iv e  g raz in g  and c raw ling  m a in ta in s  a "c lea n "  rock s u r fa c e  
v i r t u a l l y  devoid o f  e d ib le  d e t r i t u s  and m ic r o f lo r a .  Normal m acroalgal 
p re fe re n ce s  a l s o  appear to  o p e ra te  w ith  r e s p e c t  to  th e  consumption o f d r i f t  
m a te r i a l .  D r i f t  g reen  a lg ae  a re  r a p id ly  consumed and th e  lo o se  m a te r ia l  which 
accumulates in  g r e a t e s t  q u a n t i t i e s  i s  in v a r ia b ly  d e r iv e d  from A scaphyttim  and 
th e  tough lam in a r ian s  (p e r s .  o b s . ) .
U t i l i s a t i o n  o f  d r i f t  a lg ae  by th e  common w inkle  i s  no t unique (see  Hawkins 
and H a r tn e l l ,  1983). D.W. Keats (p e rs .  comm.) a lso  no ted  th e  importance o f  
d r i f t  a lg ae  to  sea  u rc h in s  i n  an u r c h i n / c o r a l l i n e  dominated s u b t id a l  community 
in  Newfoundland. The d i e t a r y  r o l e  o f  d r i f t  m a te r ia l  was confirmed by Vadas 
(1977), who s t r e s s e d  i t s  v a lu e  when food is  sca rc e  and th e  lo c a t io n  of p r e f e r r e d  
food items incu rs  an abnormally h igh  energy ex p en d i tu re .
Grazer i n c l u s i o n / e x c lu s ion  experim ents r e in fo r c e d  th e  observed d i s t a s t e  f o r  
A saoph yllim y confirm ing  t h a t ,  in  s p i t e  o f  i t s  abundance, t h i s  fuco id  cannot be 
conside red  to  c o n s t i t u t e  a p o t e n t i a l  food so u rce .  Feeding on Fuous serra tu sy  
a lso  a n o n -p re fe r re d  item in  la b o ra to ry  experim en ts ,  d id  occur however, in d ic a t in g  
th a t  s p e c i a l i s a t i o n  has no t evolved to  a p o in t  where th e  o ccu rrence  o f p re f e r r e d  
prey items i s  e s s e n t i a l  to s u r v iv a l .
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The f l a t  w inkle  i s  c h a r a c te r i s e d  by a r a t h e r  h ig h e r  degree o f  s p e c i a l i s a t i o n .  
On a l l  p a r t s  of th e  shore  th e  d i s t r i b u t i o n  o f  fo ra g in g  f l a t  w inkles  emphasises th e  
s tro n g  p re fe re n c e  f o r  p e re n n ia l  canopy-forming a lg a e ,  b o th  as a h a b i t a t  and as  a 
food sou rce . For L'ùttovvna obtusaizc, th e  high rank ing  o f  Fuous ves'Coutosus in  
bo th  a t t r a c t i v e n e s s  and e d i b i l i t y  t r i a l s  i s  p a r a l l e l e d  by a s t ro n g  p re fe re n c e  f o r  
t h i s  sp ec ie s  in  the  f i e l d .  L, mcœ'lae was s t ro n g ly  a t t r a c t e d  in  th e  la b o ra to ry  
to  Fuous s e r ra tu s  and t h i s ,  to o ,  i s  r e f l e c t e d  in  th e  m ic r o d i s t r ib u t io n  o f  th e  
sp ec ie s  on th e  sh o re .  The low e d i b i l i t y  o f  AsoophytZum i s  a lso  borne out in  
th e  f i e l d ,  as L. m ariae  occurs only  r a r e l y  on Asoophyttumy even where t h i s  
sp ec ie s  i s  c lo s e ly  a s s o c ia te d  w i th  in h a b i te d  Fuous s e r r a tu s . However i t  remains 
something o f  an anomaly t h a t  Asoophyltum  should  a t  th e  same time» rank h ig h ly  in  
a t t r a c t  ivenes s exp e r im e n ts .
I t  has been sugges ted  ( e .g .  Reimchen, 1974) t h a t  th e  f l a t  w in k le 's  main 
source  o f  food may be th e  m ic ro ep ip h y tic  f l o r a  in h a b i t in g  th e  su r fa c e  o f  th e  
fu co id  "h o s t"  and t h a t  th e  i n g e s t io n  o f  fu co id  t i s s u e  during  g raz in g  i s  
in a d v e r te n t .  However th e  q u a n t i ty  o f  t h a l l u s  m a te r ia l  in g e s te d ,  bo th  in  
l a b o ra to ry  experim ents  (see  F ig s .  36, 37) and in  th e  f i e l d  (p e rs .  o b s . ) ,  i s  such 
t h a t  t h i s  appears  h ig h ly  im probable . Temporal f l u c t u a t i o n s  in  ep iphy te  
p o p u la t io n s ,  p a r t i c u l a r l y  on th e  epiderm is-shedding AsoophytZum nodosum (see  
F i 1 ion-M yklebust and Norton, 1981), re n d e r  t h i s  an u n r e l i a b l e  food source even 
where f l a t  w inkle  p o p u la t io n  d e n s i t i e s  a re  low. Laboratory  o b s e rv a t io n s ,  
however, do suggest t h a t  th e  e p i f l o r a  may c o n s t i t u t e  a much more im portan t d i e t a r y  
component f o r  j u v e n i l e  specim ens.
A t t r a c t iv e n e s s  t r i a l s  in v o lv in g  AsoophytZum e p ip h y t is ed  by th e  red  a lg a ,
Fotys'tphonia Zanosa» show t h a t  heavy fo u l in g  w ith  an in e d ib le  macroscopic sp ec ie s  
reduces  a t t r a c t i v e n e s s ,  presumably h in d e r in g  bo th  c raw ling  and g raz in g  on th e  
fu co id  t h a l l u s .
Grazing o f  germ ling a lg ae  by th e  common w inkle  was a lso  h ig h ly  s e l e c t i v e ,  
w ith  th e  ephemeral sp ec ie s  be ing  p r e f e r r e d  to  th e  p e re n n ia l  fu c o id s .  In cho ice  
experim ents , j u v e n i l e  UZva and Enteromorpha were consumed w ith  equal r e l i s h .
The d i f f e r e n c e  in  e d i b i l i t y  between a d u l t  UZva ( P . I .  = 1) and a d u l t  Enteromorpha
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( P . I .  = 0.54) must t h e r e f o r e  a r i s e  from some p ro p e r ty  develop ing  as th e  a lg ae  
m a tu re .
At th e  d e l i c a t e  germling s ta g e ,  t h a l l u s  toughness does no t i n h i b i t  
consumption o f  t h e  fu c o id  s p e c ie s .  In s te a d ,  s e l e c t i o n  a t  t h i s  le v e l  must be 
based on t a s t e  (p resence /absence  o f  secondary p la n t  m e ta b o l i t e s ) ,  d i g e s t i b i l i t y  
o r  n u t r i t i v e  v a lu e .  I t  may be e c o lo g ic a l ly  s i g n i f i c a n t  t h a t  th e  p re fe r r e d  
fu c o id ,  Fuous s e r r a tu s ,  grows f a s t e r  th an  Asoophyltum , A compromise may e x i s t  
between growth r a t e  and p a l a t a b i l i t y ,  each o f  which o f f e r s  an a l t e r n a t i v e  escape 
from g raz in g .  I t  i s  p a r t i c u l a r l y  i n t e r e s t i n g  to  no te  t h a t  whatever i n h i b i t s  
common w inkle  g raz in g  o f  ju v e n i l e  Asoophyltum, does n o t  have th e  same e f f e c t  on 
th e  f l a t  w ink le .
The slow-growing red  a lg a  ChCgartvna, i s  th e  only  s p e c ie s  which appears  to  
be p ro te c te d  a t  th e  j u v e n i l e  phase by defences o f  a s t r u c t u r a l  n a tu re .  
C onsiderab le  e f f o r t  i s  r e q u ire d  to  sc rap e  th e  h o ld fa s t  from th e  subs tra tum , w hile  
th e  u p r ig h t  frond  i s  c a r t i la g e n o u s  and h ig h ly  f l e x i b l e  and hence n o t  r e a d i ly  
severed  from th e  d i s c  by r a d u la r  a c t io n  (p e rs .  o b s . ) .  The fronds a re  unab le  
to  re g e n e ra te  from th e  d i s c ,  as has been re p o r te d  f o r  Chondrus ori-spus (D.P. 
Cheney, p e r s .  comm.) and consequen tly  fro n d  breakage i s  l e t h a l .  In such a 
slow growing s p e c ie s ,  e f f e c t i v e  s t r u c t u r a l  o r  chemical p r o te c t io n  is  t h e r e f o r e  
exceed ing ly  im p o r ta n t .
C le a r ly  a h igh le v e l  o f  s e l e c t i v i t y  o p e ra te s  a t  th e  germ ling phase and th i s  
may be of some c o n s id e ra b le  e c o lo g ic a l  s ig n i f i c a n c e .  P r e f e r e n t i a l  g raz ing  o f 
th e  ju v e n i le  s ta g e s  has the  p o t e n t i a l  to  in f lu en c e  community s t r u c t u r e  and 
a lg a l  d i s t r i b u t i o n  i n  a way t h a t  s e l e c t i v i t y  a t  th e  a d u l t  phase cannot do, 
u n le ss  g raz ing  i s  abnormally in te n s iv e .  For t h i s  re a so n  a lo n e ,  i t  i s  
s u r p r i s in g  t h a t  germ ling p re fe re n ce s  have not p re v io u s ly  been examined in  any 
d e p th .
Adult ve rsus  germ ling cho ice  experim ents do n o t  dem onstra te  a c o n s i s te n t  
c l e a r - c u t  p re fe re n c e  f o r  e i t h e r  s ta g e  o f  growth. As th e  common winkle  grazes 
fu co id  germlings more e f f i c i e n t l y  th a n  th e  a d u l t  t h a l l u s  (see  Chapter 4 ) ,  i t  i s  
not s u r p r i s in g  t h a t  t h i s  sp ec ie s  should p r e f e r  ju v e n i l e  to  a d u l t  Fuous. The
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green a lg a  Diva, however, i s  p r e f e r r e d  i n  i t s  a d u l t  form where th e  c h a r a c t e r i s t i c  
sharp  cusps on the  ra d u la r  t e e t h  can t e a r  th e  t h a l l u s  e f f i c i e n t l y ,  enab ling  more 
food t o  be in g e s te d  per u n i t  tim e th an  could be ach ieved  on a d i e t  o f  germ lings . 
In c o n t r a s t ,  th e  feed in g  appara tu s  and body p la n  o f  th e  f l a t  w ink le  a re  w ell 
adapted  to  th e  consumption o f  a d u l t  fu co id  m a te r ia l  bu t cannot cope e f f e c t i v e l y  
w ith  m ature Utva (see  Chapter 4 ) .  D i s t i n c t  p re fe re n c e s  f o r  d i f f e r e n t  d ev e lo p ­
m ental s ta g e s ,  s e rv e  to  s t r e n g th e n  th e  p a r t i t i o n i n g  o f  re so u rce s  a lre ad y  observed 
in  a d u l t  v e rsu s  a d u l t  cho ice  experim ents  .
In th e  l a b o r a to r y ,  f i rm ly  a t ta c h e d  AsQophytlim  germ lings a re  d is lo d g ed  by 
c raw ling , non-feed ing  s n a i l s .  Where gastropod  p o p u la t io n  d e n s i t i e s  a r e  h ig h ,  
fo rag in g  in  th e  f i e l d  may thus reduce th e  r e l a t i v e  abundance o f  germ lings 
c o n s id e ra b ly ,  w ithou t any a c t i v e  feed ing  o c c u r r in g .  This o f f e r s  an a l t e r n a t i v e  
ex p lan a t io n  fo r  th e  low s u rv iv o rs h ip  o f  ju v e n i l e  A soophyttim  reco rded  on 
American shores  and norm ally  a t t r i b u t e d  t o  a c t iv e  consumption by th e  abundant 
common winkle (Keser e t  a l . ,  1981; S .L . M i l le r  and R.L. Vadas, p e r s .  comm.).
I t  may a lso  h e lp  to  ex p la in  why such a fecund and u n p a la ta b le  p l a n t  o f te n  f a i l s  
to  r e c o lo n is e  European shores  fo l lo w in g  th e  experim ental removal o f  a d u l t  p l a n t s  
(see  Schonbeck and Norton, 1980) .
CHAPTER 6 : STRUCTURAL AND CHEMICAL PLANT DEFENCES
Although browsing anim als feed  on seden ta ry  organisms which a re  by n a tu r e ,  
unable  to f l e e ,  a wide range  o f  o b s ta c le s  to  g raz ing  may s t i l l  be encoun te red . 
A n ti-h e rb iv o re  defence  mechanisms f a l l  in to  two d i s t i n c t  c a te g o r ie s  enab ling  
th e  p l a n t  to  escape damage by:
a) avo id ing  d i r e c t  i n t e r a c t i o n  w ith  th e  h e rb iv o re  (a s o - c a l le d  non­
c o e x is te n c e  e sc ap e ) .
b) p rev en tin g  o r  reduc ing  to  a t o l e r a b l e  l e v e l ,  th e  q u a n t i ty  o f  p la n t  
m a te r i a l  consumed. (Here s t r u c t u r a l  or chemical defences  co n fe r  a 
co ex is te n ce  escape , ren d e r in g  th e  p la n t  in e d ib le  o r  o f  low p r e f e r e n c e . )
P la n ts  adop ting  no n -co ex is ten ce  escapes a re  e c o lo g ic a l  " f u g i t iv e s "  (Hutchinson, 
1947) c h a r a c te r i s e d  by annual o r  s h o r t  l i f e - c y c l e s  and h ig h  re p ro d u c t iv e  
c a p a c i t i e s .  These sp ec ie s  r e l y  on escap ing  p re d a t io n  by avo id ing  p re d a to r s  
in  time and space .
P e ren n ia l  p l a n t s ,  however, c o e x is t  w ith  browsing h e rb iv o re s  on a long­
term b a s i s  and must adopt a p o l ic y  o f  defence r a t h e r  than  avoidance . Chemical 
and s t r u c t u r a l  c h a r a c t e r i s t i c s  may re n d e r  such organisms u n s u i ta b le  as food 
items fo r  most p re d a to r s .  C onsequently , d i e t  w idth amongst brow sers may be 
expec ted  to  depend on th e  l e v e l  o f  defences  d isp lay ed  by th e  p rey  organisms 
(Hughes, 1980).
The s im pler  form and physio logy  o f  th e  seaweeds does n o t  pe rm it the  same 
p o t e n t i a l  fo r  e la b o r a te  and complex defence s t r u c tu r e s  t h a t  i s  a p p aren t  in  
t e r r e s t r i a l  s eed -b ear in g  p l a n t s .  N e v e r th e le s s ,  th e  v u l n e r a b i l i t y  o f  th e  
macroalgae to  h e rb iv o ry  i s  known to  vary  accord ing  to  th e  p h y s ica l  n a tu re  o f  
the  t i s s u e s  and p o s s ib ly  a ls o  th e  p re sen ce  o r  absence o f  c h an ic a l  r e p e l l e n t s .
In h ighe r  p l a n t s  t h e r e  a re  many d a ta  and much c i r c u m s ta n t i a l  evidence to  
suggest t h a t  secondary compounds in both  v e g e ta t iv e  and re p ro d u c t iv e  t i s s u e  
c o n t r ib u te  to  defence  a g a in s t  h e rb iv o re s  and m icrobes (Janzen, 1973).
Compounds s im i la r  to  th e  secondary p la n t  subs tances  have been found in  v a r io u s  
sp ec ie s  of marine a lg a  (e .g .  F e n ic a l ,  1975; Ragan and J e n s e n ,  1978;
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Glombitza, 1981; Zavodnik and Jen sen , 1981; Geiselman and McConnell, 1981) 
and h e re  too a r e  thought to  a f f e c t  p a l a t a b i l i t y .
Optimal defence  th eo ry  p r e d i c t s  t h a t  the  ev o lu tio n  and a l l o c a t i o n  of 
de fences  should maximise in d iv id u a l  in c lu s iv e  f i t n e s s  (Rhoades, 1979).
However, defence n e c e s s i t a t e s  th e  d iv e r s io n  o f  energy and n u t r i e n t s  from 
o th e r  needs and may prove c o s t l y  in  terms o f  f i t n e s s .  Hence investm ent in  
defence  may impose m e tab o lic  c o s ts  which a re  them selves , a source  of 
compromise to  th e  e f f e c t iv e n e s s  o f  p l a n t  defence systems (McKey, 1979). 
Consequently , e v o lu t io n  must s t r i v e  to  ba lance  " ex p en d itu re"  on defence and 
on o th e r  f a c t o r s  im portan t to  p la n t  f i t n e s s  and s u r v iv a l .  "T ra d e -o f fs"  
between co m p e ti t iv e  a b i l i t y  and a n t i - h e r b iv o r e  defence  have been reco g n ised  
by Lubchenco and Gaines (1981) and prov ide  a p l a u s i b l e  e v o lu t io n a ry  e x p lan a ­
t i o n  f o r  th e  s t ro n g  c o r r e l a t i o n  between h e rb iv o re  fee d in g  p re fe re n c e s  and 
a l g a l  co m p eti t iv e  a b i l i t i e s .
Em pirical and t h e o r e t i c a l  s tu d ie s  o f  feed ing  p re fe re n c e s  a re  based on 
the  assum ption t h a t  anim als  exper ience  a s trong  s e l e c t i v e  p re s su re  to  ea t 
those  foods which y i e ld  th e  maximum "v a lu e"  p e r  u n i t  time (Emlen, 1973).
In t h i s  con tex t "v a lu e"  i s  composed of s e v e ra l  d i f f e r e n t  components, inc lud ing  
th e  q u a l i ty  and q u a n t i ty  o f  chemical n u t r i e n t s  in  th e  food, i t s  energy co n ten t  
and a v a i l a b i l i t y ,  and perhaps most im portan t o f  a l l ,  th e  c a p a c i ty  o f  the  
animal to  o b ta in  the  re q u i re d  b e n e f i t s  from i t .  The l a s t  w i l l  depend on 
the  a b i l i t y  o f  th e  g ra z e r  to  m anipu la te  and in g e s t  th e  food, and to  d i g e s t ,  
absorb  and a s s im i l a t e  th e  n u t r i e n t s .  Each o f  th e s e  s tep s  c o n s t i t u t e s  a 
p o t e n t i a l  o b s ta c le  to  the  g ra z e r  and p rov ides  scope f o r  th e  development o f  
e f f e c t i v e  a n t i - h e r b iv o r e  defences  by the p la n t .  The p resence  o f  d i s t i n c t  
g u s ta to ry  p re fe re n c e s  (Chapter 5) t e s t i f i e s  to  th e  r o l e  which th e se  defences  
p la y  in  d e t e r r in g  th e  gastropod  g r a z e r s .
6 .1  In f lu en ce  o f  t h a l l u s  form on th e  e d i b i l i t y  o f  mature Enteromorpha
Dahl (1964) was quick to  acknowledge th e  p o t e n t i a l  importance o f  a lg a l  
" s t a b i l i t y "  in  th e  d e te rm in a t io n  o f  gastropod  feed ing  p re f e r e n c e s .  L'Cttortna
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t'ù ttorea  c a r r i e s  a heavy s h e l l  and i s  consequen tly  b e t t e r  adapted  to  fo rag in g  
on s tone  substra tum  th an  the  r e l a t i v e l y  u n s ta b le  s u r f a c e  p r e f e r r e d  by th e  
a lg a l  lamina. S l ig h t  a g i t a t i o n  i s  a l l  t h a t  is  r e q u i r e d  to  d is lo d g e  both 
a c t i v e  and r e s t i n g  common w inkles  from the  a lg a l  canopy (p e r s .  o b s .} .  In 
c o n t r a s t ,  th e  f l a t  w inkles  have a much sm a l le r  s h e l l  h e ig h t  : f o o t  w idth 
r a t i o  and, as a r e s u l t ,  adhere  more f i rm ly  to  th e  t h a l l u s .  The n e c e s s i ty  
fo r  a secure  s u r fa c e  to  g r ip  was f u r th e r  u n d e r l in e d  by N i c o t r i ' s  (1980) 
p re fe re n c e  experim ents w ith  Ampitho'è and Id o tea , and th o se  o f  Norton and 
Benson (1983) w ith  C a p re tta .
Lawrence (1975) no ted  t h a t  fo rag in g  u rc h in s  may be a t t r a c t e d  p r e f e r e n ­
t i a l l y  to  one food source , y e t  feed  more r a p id ly  on a n o th e r .  This sugges ts  
t h a t  th e  r a t e  o f  in g e s t io n  is  determ ined  u l t im a te ly  by t h e  a b i l i t y  o f  th e  
h e rb iv o re  to  m an ipu la te  th e  food item . Working w ith  a v a r i e t y  o f  a sco -  
g lo ssan  h e rb iv o re s ,  Jensen  (1983) found a c o r r e l a t i o n  between fo o t  w id th  and 
th e  f i lam e n t  d iam e te r  o f  th e  food p l a n t s .  In  th e  p re s e n t  s tudy , t h a l l u s  
form and i n t e r s p e c i f i c  v a r i a t i o n  in  th e  s t r u c t u r e  o f  th e  feed in g  ap p a ra tu s  
have been shown to  be l a rg e ly  r e s p o n s ib le  fo r  d i f f e r e n c e s  in  th e  e f f i c i e n c y  
o f  l i t t o r i n i d  feed in g  on th e  f o l i o s e  ephemeral t h a l l i  (see  Chapters 4, 5 ) .
F u r th e r  examples o f  th e  r e l a t i o n s h i p  between t h a l l u s  form and h e rb iv o re  
d i e t  a r e  fu rn ish e d  by S ch ie l  (1981), Larson e t  a t .  (1980), Slocum (1980), 
S teneck (1981) and Steneck and W atling (1982). The l a s t  d e r iv ed  fu n c t io n a l  
groups based on a lg a l  physio logy  and ev a lu a ted  th e  d i e t a r y  p re fe re n c e s  o f  a 
v a r i e t y  o f  m olluscs  on t h i s  b a s i s .  Molluscan body p la n  and feed ing  ap p ara tu s
were shown to  r e s t r i c t  d i e t  w id th .
a) Methods
O bserva tions  made during  feed in g  t r i a l s  sugges t  t h a t  the  common winkle 
experienced  c o n s id e ra b le  d i f f i c u l t y  m an ipu la ting  th e  narrow , r ib b o n - l ik e  
t h a l l u s  of Ent^om orpha. To a s s e s s  th e  r o l e  t h a t  growth form p lay s  in
determ in ing  th e  s n a i l ' s  a b i l i t y  to  handle and in g e s t  f o l i o s e  t h a l l i ,  a second
s e r i e s  of two-way cho ice  experim ents was i n i t i a t e d .  The t h a l l i  were cut
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in to  sm all p ie ce s  and p re sen te d  to th e  t e s t  s n a i l s  i n  fragm ents  o f  s im i la r  
s i z e .  Each fragment was washed c a r e f u l ly  in  f i l t e r e d  sea w ater to  remove 
p o t e n t i a l l y  a t t r a c t i v e  o r  r e p e l l e n t  chemicals from damaged c e l l s .  The 
experim ent was r e p l i c a t e d  te n  tim es and a s e r i e s  o f  t e n  ungrazed c o n t ro ls  
was a lso  m onitored f o r  each s p e c ie s .
b) R esu lts
Consumption o f Entercmorpha exceeded consumption o f  UZva in  n ine  
r e p l i c a t e s  [mean P . l .  = 2 .82 ± 0 .6 2 3 ) .  Enteromorpha was p re fe r r e d  a t  th e  
95% p r o b a b i l i ty  l e v e l  (Wilcoxon s igned -rank  t e s t ) ,  i n d ic a t in g  a r e v e r s a l  
o f  common w inkle p re fe re n ce  ra n k in g s .
6 .2 .  T hallus  toughness
A tough e p i t h e l i a l  la y e r  p rovides  th e  f i r s t  b a r r i e r  to  consumption of 
a p o t e n t i a l  food item by th e  g ra z e r  and must be p e n e tr a te d  be fo re  any 
n u t r i t i v e  b e n e f i t  can be de r ived  from th e  a lg a .  As a r e s u l t ,  lam inar 
toughness c o n s t i t u t e s  a p o t e n t i a l l y  e f f e c t i v e  defence  a g a in s t  h e rb iv o ry .
Many herb ivorous  in v e r te b ra te s  appear to  p r e f e r  s o f t e r  te x tu re d  seaweeds 
(Ravanko, 1969) o r  t a c k l e  th e  tougher p a r t s  o f  the  t h a l l u s  only  a f t e r  
consumption o f  th e  more ten d e r  p o r t io n s  [S a itô  and Nakamura, 1961).
A number of terras have been used more o r  l e s s  in te rc h an g e a b ly ,  to  
d e sc r ib e  a p l a n t ' s  r e s i s t a n c e  to  mechanical a b ra s io n .  Some, such as 
" t e x tu r e " ,  a re  undoubtedly  m is lead ing  and open to  m i s - i n t e r p r e t a t i o n .  The
term adopted in  th i s  s tu d y , " toughness" , d e sc r ib e s  th e  r e l e v a n t  a t t r i b u t e  
o f  th e  a lg a l  t h a l l u s  w ithou t am bigu ity . A "tough" a lg a  has a lamina h ig h ly  
r e s i s t a n t  to  mechanical a b ra s io n  and co n sid e rab le  e f f o r t  i s  r e q u ire d  to  
p e n e t r a te  th e  epidermal l a y e r .
Though th e  l i t e r a t u r e  abounds w ith  vague r e f e re n c e s  to  th e  r e l a t i v e  
toughness o f  a lg a l  t h a l l i ,  q u a n t i t a t i v e  assessm ents a re  hard to  f in d  - 
p a r t i c u l a r l y  ones which r e l a t e  to  h e rb iv o ry .  Lubchenco (p e rs .  comm.) has
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developed a f in e - to o th e d  "hacksaw dev ice"  which mimics [ a l b e i t  c rude ly ) 
th e  a c t io n  o f  th e  gastropod  r a d u la .  However, th e r e  a re  major p r a c t i c a l  
problems in  the  a p p l i c a t i o n  o f  t h i s  techn ique  - p a r t i c u l a r l y  when comparing 
laminae (such as UZva) w ith  f i la m e n ts  (such as CZadophova'). Working a t  
Plymouth, W. Farnham and S. M orre ll  (p e r s .  comm.) designed  a p r im i t iv e  
a b ra s iv e  wheel to  t e s t  th e  r e s i s t a n c e  o f  th e  seaweed t h a l l u s  t o  mechanical 
a b ra s io n ,  w hile  B ertness  e t  aZ. (1983) a sse sse d  th e  " s c r a tc h  s t r e n g th "  o f  
a lg a l  c r u s t s  by re c o rd in g  th e  p re s su re  r e q u ire d  f o r  a s ta n d a rd is e d  45° s t e e l  
p o in t  to  s c r a tc h  th e  e p i t h e l i a l  s u r fa c e  as i t  passed u n d e rn ea th .
This s e c t io n  a s s e s s e s  two q u i te  d i f f e r e n t  f a c e t s  o f  m acroalgal toughness 
and examines t h e  r e s u l t s  in  th e  l i g h t  o f  l i t t o r i n i d  food p re fe re n c e s .
6 .2 .1 .  Puncture  s t r  ength
a) Methods
A durometer (Shore Instrum ent and M.F.G, Co. L td . ,  Jam aica , New York 
11436, U.S.A. - Hardness type  A -2 .)  was used to  measure th e  p o in t  fo rce  
re q u ire d  to  p e n e t r a t e  th e  t h a l lu s  o f  each o f  th e  t e s t  p l a n t s .  This technique  
is  s im i la r  in  p r in c ip a l  to  t h a t  employed by Feeny (1970) and by B ertness  e t  
aZ, (1983) . A s e t  o f  50 durom eter read in g s  was p rocured  f o r  each a lg a .
For most p l a n t s ,  measurements were taken  randomly from a l l  p a r t s  of the  
t h a l l u s ,  b u t  f o r  th e  f i n e l y  branched f ilam en tous  sp ec ie s  such as CZadophora 
and FoZysiphonia, measurements were confined  to  th e  t h i c k e r  main a x is  o f  each 
b ran ch . The pene trom eter  need le  was too broad to  f i t  between the  ca lca reo u s  
segments o f  CovaZZvna, so f o r  t h i s  sp ec ie s  only  th e  segments them selves were 
t e s t e d .
b) R esu lts
The r e s u l t s  a re  summarised in  Table 37. For F e tv e tia  and AsQophyttum 
th e  l a rg e  s tan d a rd  e r r o r s  a t ta c h e d  to  th e  mean, r e f l e c t  s te e p  g ra d ie n ts  o f  
toughness between te n d e r  frond  t i p s  and tough frond  b a s e s . For each s p e c ie s  
a se p a ra te  s e r i e s  o f  read ings  (n=20) was taken  f o r  t i p  and b asa l reg io n s  
( d i s t a l  2cm. f o r  F eZ vetia  and 6cm. fox AsoophyZZurn).
The f o l i o s e  ephemeral sp ec ie s  and the  f i n e l y  branched  CZadophora and 
FoZys'iphori'la, a l l  had r e l a t i v e l y  low durometer r e a d in g s .  The fuco id  s p e c ie s  
recorded  much h ig h e r  v a lu e s ,  w ith  AsoophyZZim p roving  p a r t i c u l a r l y  tough , 
w hile  th e  c a l c i f i e d  p o r t i o n s  o f  CoraZZ-ùna f a i l e d  t o  r e g i s t e r  on the  durometer 
s c a le  a t  a l l .
Table 37. Puncture  s t r e n g th  o f  m acroalgal t h a l l u s  : durom eter re a d in g s .
Species Mean Durometer Reading ± S .E .
___________________________________________________ (A rb i t ra ry  u n i t s ) ________
Enter æiorpha 2.0 ± 0.18
CZadophora rupestr'Ls 1 .0 - 7.0*
FoZys tp  honïa Zano sa 3.0 - 6.0*
Forphyra umhi-Z'ÙQaZ'is 7.7 ± 0.44
UZva Zaotuoa 15.6 ± 0 . 6 3
Laurenoia p-inrtat^if-ida 15.8 ± 1 . 0 0
Fuous spi.raZ'ts 18.5 ± 0.81
Fuous ves-iouZosus 18.6 ± 0.41
F eZvetia  oanaZtouZata 29.7 ± 1 .83
Frond t i p 7 .2 ± 0 .43
Frond base 48 .4 ± 0 .6 1
Fuous s e r ra tu s 32.4 ± 0.79
G igartin a  steZ Zata 38.5 ± 0 . 7 0
AsoophyZZum nodosum 61 .6 ± 1 . 3 1
Frond t i p 50.1 ± 0 .56
Frond base 74.6 ± 0 .56
CoraZZ'Lna off'iovnaZi.s **
* Non-random s e t  o f  re a d in g s .
** Did no t r e g i s t e r  on durometer s c a le .
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For th e  common w ink le , th e  e d i b i l i t y  o f  m acroalgal foods i s  c lo s e ly  
c o r r e la te d  w ith  t h e i r  punc tu re  s t r e n g th s  (Table 3 8 ) .  However, no s i g n i f i c a n t  
c o r r e l a t i o n  i s  e v id e n t  w ith  th e  food p re fe re n c e  rank ings  e x h ib i te d  by e i t h e r  
spec ies  o f  f l a t  w inkle. Ctadcphora, C ora tlin a  and F otyS'ùphonia were 
n e c e s s a r i ly  om itted  from th e s e  com parisons, due to  th e  non-random n a tu re  o f  
durometer r e a d i n g s .
6 .2 .2 .  R es is tan ce  to  a b ra s io n
The durometer a s s e s s e s  p h y s ica l  toughness i n  terms o f  t h e  p re s su re  
re q u ire d  to  p ie r c e  th e  o u te r  su r fa ce  o f  th e  a lg a l  lamina - th e  "punctu re  
s t r e n g th "  (B ertness  e t  a t . ,  1983). However, t h i s  may not c o n s t i t u t e  a 
r e a l i s t i c  measure o f  r e s i s t a n c e  to  r a d u la r  p e n e t r a t i o n ,  p a r t i c u l a r l y  f o r  
th o se  sp ec ie s  u s in g  th e  r a d u la  to  gouge r a t h e r  than  t e a r .  Consequently , 
an a l t e r n a t i v e  te chn ique  was designed  to  a sse ss  toughness in  terms o f  
s u s c e p t i b i l i t y  to  a b ra s io n .
a) Methods
An a b ra s iv e  wheel was developed (see  F ig . 44 ) ,  s im i l a r  in  b a s ic  des ig n  
to  t h a t  d e sc r ib e d  by W. Farnham (p e rs .  comm.). The idieel was d r iv en  by a 
v a r i a b le  speed motor a t  a speed ( f ree - ru n n in g )  o f  960 r .p .m .  The a lg a l
samples were tap ed  to  a h inged arm he ld  f irm ly  in  p lace  on th e  wheel by a 
s tan d a rd  44g. w e ig h t .  The w eigh t was suspended by a s p r in g ,  4cm. from th e  
h inge . A s t r i p  o f  emery paper (Tufbak Duri t e  T423) was a t ta c h e d  to  th e  
wheel and re p la ce d  a t  r e g u la r  i n t e r v a l s .
Each t r i a l  run  l a s t e d  60 seconds and the  lo s s  o f  a lg a l  t i s s u e  (wet 
weight) was measured 'over t h i s  p e r io d  and su b sequen tly  c o r re c te d  f o r  weight 
lo sse s  reco rd ed  in  c o n tro l  samples ( ten  p e r  sp e c ie s )  exposed to  th e  a i r  f o r  
two m inu tes .  The a re a  o f  abraded  lamina was measured u s in g  a p o r ta b le  a rea  
m eter and th e  t i s s u e  lo s s  was computed in  mg.cm ^ .s  ^ . For each sp ec ie s  20 
samples were t e s t e d .  The emery paper was re p la c e d  a f t e r  each s e r i e s  o f  f i v e  
t r i a l s .
fF ig . 44. A brasive wheel used in  th e  assessm ent o f  t h a l l u s  toughness
i Z U
Table 5 8 . Spearman rank  c o r r e l a t i o n  c o e f f i c i e n t s  f o r  a lg a l  e d i b i l i t y  and 
punc tu re  s t r e n g th .
Species  Spearman c o r r e l a t i o n  c o e f f i c i e n t
__________________________________________________ r s _________
L'ùttov'ùna V itto rea  0.929**
Lïttor'ùna mariae 0.371
L itto r in a  o b tu sa ta  -0.029 '
n . s .  no t s i g n i f i c a n t .  
** P < 0 .01
The f o l i o s e  a lg ae  Forphyra and UZva, were a t ta c h e d  to  th e  appara tu s  
in  compact "wads" o f  t i s s u e .  U n fo r tu n a te ly ,  due to  th e  d i v e r s i t y  o f  t h a l l u s  
form, i t  was im possib le  to  o b ta in  comparable read in g s  f o r  CZadophora^
CoraZZ-ina^ Enteromorpha^ Laurenoia and FoZysiphonia, To p e rm it comparison 
w ith  durometer d a ta ,  AsoophyZZxm and F eZ vetia  t i p  and b a sa l  reg ions  were 
t e s t e d  s e p a ra te ly .
b) R esu lts
Toughness rank ings  de rived  from ab ra s io n  t e s t s  (Table 39) d i f f e r  
markedly from durom eter r e a d in g s .  Although Fuous spp. s u f fe re d  h igh t i s s u e  
lo s s e s ,  AsoophyZZum and F eZvetia  again  proved r e l a t i v e l y  tough. The 
c o r t i c a t e d  red  a lg a  G ig a rtin a , was a lso  h ig h ly  r e s i s t a n t  t o  a b ra s io n .
However, th e  c l e a r c u t  d iv i s io n  between f o l i o s e  and co a rse ly -b ra n c h ed  sp ec ie s  
apparen t in  durometer t e s t s ,  was not e v id en t .  In terms o f  s u s c e p t i b i l i t y  
to  a b ra s io n ,  UZva ranked lower th a n  Fuous s e r r a tu s , F. sp ira Z is  and 
F. vesiou Z osu s, w h ile  Forphyra ranked a lo n g s id e  G ig a rtin a  as th e  most r e s i s t a n t  
s p e c ie s .  That a p ic a l  t i s s u e  from bo th  AsoophyZZum and F eZ vetia  should  prove 
more a b r a s i o n - r e s i s t a n t  th an  b a sa l  t i s s u e  i s  a lso  worthy o f  n o te .
Algal e d i b i l i t y  and r e s i s t a n c e  to  a b ra s io n  a re  n o t  compared s t a t i s t i c a l l y
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Table 59 . R es is tan ce  o f  m acroalgal t h a l lu s  to  a b ra s io n  on the  
a b ra s iv e  wheel.
Species Mean t i s s u e  lo s s  ± S.E
r — 2  —1 .(mg .cm . s )
Fuous v e s ic u to su s 6.78 ± 0.356
Fuous s p i r a l i s 6.18 i 0.818
Fuous s e r ra tu s 4.90 + 0.385
JJVoa taotuoa 2.98 ± 0.604
Asoophyltum nodosum 1.33 + 0.055
Frond t i p 1.34 ± 0.100
Frond base 1.49 + 0.075
F e lv e tia  o a n a lieu la ta 1.19 ± 0.174
Frond t i p 1.07 ± 0.133
Frond base 1.26 ± 0.101
G igartin a  s t e l l a t a 0.88 + 0.108
Forphyra u m h ilio a lis 0.88 i 0.048
I l l
owing to  th e  sm all sample s i z e s .  However, t i s s u e  e d i b i l i t y ,  as e x h ib i te d  
by L itto r in a  H tto r e a  and L. o b tu sa ta , c l e a r l y  b ea rs  no r e l a t i o n  to  a b ra s io n  
f i g u r e s .  E d i b i l i t y  rank ings fo r  L. m ariae, however, correspond f a i r l y  
c lo s e ly  to  th e  s u s c e p t i b i l i t y  o f  th e  sp ec ie s  to  damage by a b ra s io n .
6 .5 .  D ig es t io n  o f  a lg a l  c e l l  w a lls
S ince th e  p io n ee r  work o f  Coupin (1900) ( c i t e d  by S e id e re r  e t  a t . ,
1982) and Yonge (1923) e s ta b l i s h e d  th e  presence  o f  amylase (1 ,4 -a -D -g lucan  
g lucanohydro lase)  in  th e  c r y s t a l l i n e  s t y l e  o f  th e  b iv a lv e s ,  th e r e  have been 
a number o f  f u r t h e r  s tu d ie s  on m olluscan  d ig e s t iv e  enzymes. Laminarases, 
in  p a r t i c u l a r ,  have been examined in  some d e t a i l  ( e .g .  Sova e t  a t . ,  1970), 
w hile  carbohydrases have been i s o l a t e d  from bo th  th e  c r y s t a l l i n e  s t y l e  ( e .g .  
Hara e t  a t . ,  1979) and the d ig e s t iv e  gland (Santoro and Dain, 1981).
R ecen tly , s tu d ie s  on a lg in a t e  ly a se  (Muramatsu and Egawa, 1980), c e l l u l a s e  
(Mirza and Serban, 1981) and amylase (Newell e t  a t . ,  1980) have dem onstrated  
th e  occurrence  o f  s e v e ra l  enzyme system s, a lthough t h e i r  p r e c i s e  r o le  i s  as 
y e t  unknown (S e id e re r  e t  a t . ,  1982).
This work h a s ,  however, c e n tred  almost e x c lu s iv e ly  on th e  b iv a lv e s ,  as 
th e  c o n c e n tra t io n  o f  enzymes from the  c r y s t a l l i n e  s t y l e  o f  th e se  anim als i s  
r e l a t i v e l y  s t r a ig h t f o r w a r d .  With re g a rd  to  th e  gastropod  m o llu scs , H irsch  
(1915) and Brock (1936) i n v e s t ig a te d  th e  d ig e s t iv e  enzymes o f  a v a r i e t y  o f  
carn ivo rous  s p e c ie s ,  w hile  Dodgson and Spencer (1954) r e p o r te d  th e  occurrence  
o f  s u lp h a ta se s  in  a number o f  herb ivo rous  prosobranchs ( in c lu d in g  F a te tta  
and L itto r in a  t i t t o r e a ) .
The a lg a l  foods w ith  which we a re  concerned in  t h i s  s tudy  c o n s i s t  o f  
c e l l s  e n t i r e l y  surrounded by c e l l  w a l l s ,  in  many r e s p e c t s  s im i la r  to  th o se  
o f  th e  h ig h e r  p l a n t s .  In o rd e r  to  reach  th e  c o n ten ts  o f  th e  a lg a l  c e l l s  
and d e r iv e  n u t r i t i o n a l  b e n e f i t  from them, i t  i s  n ece ssa ry  f i r s t  f o r  th e  
g ra z e r  to  b reach  th e  c e l l  w a l l .  This may be achieved  e i t h e r  by mechanical 
means (m aceration) o r  by d ig e s t io n ,  p e rm i t t in g  th e  a d d i t io n a l  a s s im i la t io n  
and m etabo lic  u t i l i s a t i o n  of th e  c e l l  wall c o n s t i tu e n t s  them selves . Where
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chunks o f  a lg a  g r e a te r  th an  c e l l  s i z e  a re  in g e s te d  during  the  g raz ing  
p ro c e ss ,  th e  a b i l i t y  to  d ig e s t  s t r u c t u r a l  carbo h y d ra tes  w i l l  l a rg e ly  
determ ine  th e  a c c e s s i b i l i t y  o f  th e  c e l l  c o n ten ts  to  the  d ig e s t iv e  enzymes.
The o b je c t  o f  t h i s  s e c t io n  i s  to  a sse s s  th e  c a p a c i ty  o f  th e  l i t t o r i n i d s  to  
b reach  th e  c e l l  w a ll  by chemical means.
6 .3 .1 .  D ig e s t io n  o f  t o t a l  c e l l  w a ll  p o ly sacch a r id es  by L -itto rin a  H tto r e a
a) Methods
The e x te n t  o f  c e l l  w all d ig e s t io n  by L it to r in a  V ttto re a  was es tim ated  
by a s s e s s in g  th e  d ig e s t io n  o f  t o t a l  p l a n t  carbohydra tes  in  th e  p a la t a b le  
green a lg a ,  JJVoa ta o tu o a . The s to ra g e  p o ly sac c h a r id e s  o f  th e  Chlorophyta 
( i . e .  s ta r c h )  ta k e  t h e  form o f  amyl ose, a l i n e a r  ch a in  of cx-1,4 - l in k ed  g lucose  
r e s id u e s ,  and am ylopectin , which c o n s i s t s  o f  a - l , 4 - l i n k e d  g lucose  w ith  
branches o f  a - 1 , 6 -g ly c o s id e  (McCandless, 1981). Such p o ly sac c h a r id e s  can be 
e l im in a te d  by d ig e s t io n  w ith  amylase, so t h a t  on ly  th e  c e l l  w all p o ly sa c c h a r ­
id e s  rem ain . U n fo r tu n a te ly ,  th e  fu c o id  sp ec ie s  c h a r a c t e r i s t i c a l l y  grazed  by 
L-ittorina  o b tu sa ta  and L. mariae u t i l i s e  lam inaran  as a s to ra g e  g lucan , and 
consequently  th e  a n a ly s i s  o f  c e l l  w all carbohydrate  d ig e s t io n  has not been 
a ttem pted  f o r  th e s e  s p e c ie s .
P r io r  to  exper im en ts ,  san p le  s n a i l s  o f  a s tan d a rd  24-26mm. s h e l l  h e ig h t  
were s ta rv e d  f o r  seven d ays . Three specimens were then  p laced  in  a Pyrex 
c r y s t a l l i s i n g  d is h  w ith  a weighed p o r t io n  o f  u lv o id  t h a l l u s .  A small p iece  
o f  Utva from th e  same th a l l u s  was r e t a in e d  and f ro zen  f o r  subsequent ca rb o ­
hydra te  a n a ly s i s .
Faecal m a te r ia l  was c o l l e c te d  over a seven day p e r io d  by P a s te u r  p i p e t t e .  
Each sample was f ro ze n  immediately a f t e r  c o l l e c t i o n .  Uneaten Utva was 
removed from th e  d is h  a f t e r  two d a y s '  feed in g  and re-w eighed .
The b a s ic  experim en ta l  procedure  was r e p l i c a t e d  th re e  tim es and f a e c a l  
m a te r ia l  was a lso  c o l l e c te d  from th r e e  c o n tro l  v e s s e l s  c o n ta in in g  unfed 
I d t to r in a .  Enrichment o f  f a e c a l  m a te r ia l  by b a c t e r i a  o r  o th e r  m icro - and
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meiofauna may occur i n  th e  c r y s t a l l i s i n g  d ish  an d /o r  th e  g u t .  However, 
t h i s  does no t r e p r e s e n t  a p o t e n t i a l  source  o f e r r o r ,  as f a e c a l  m a te r ia l  
c o l l e c te d  from both  c o n t ro l  and t r i a l  d ish es  w i l l  presumably s u f f e r  th e  
same f a t e .
The a n a ly s i s  o f  samples used th e  carbohydrate  a s say  d e sc r ib e d  by Dubois 
e t  a t .  (1956) (see  Appendix B ). Samples o f  f a e c a l  m a te r ia l  were f i r s t  
c e n t r i fu g e d  and resuspended in  d i s t i l l e d  w ater  to  remove s a l t .  Faeces and 
a lg a l  samples were th en  t r e a t e d  w ith  s a l i v a r y  amylase to  d ig e s t  i n t r a c e l l u l a r  
amyloses (see  O la i ta n  and N o r th c o te ,1962). Th® sp ec tropho tom ete r  was c a l i b r a t e d  
u s in g  g lucose  s o lu t io n s  o f  known c o n c e n tra t io n .
b) R esu lts
A mean c e l l  w all p o ly sacch ar id e  c o n ten t  o f  23.0% wet w e igh t,  was 
c a lc u la te d  fo r  Utva.  The pe rcen tag e  o f  in g e s te d  c e l l  w all carbohydra te  
subsequently  appearing  i n  th e  fa e c a l  m a te r ia l ,  ranged from 2.5% to  7.7%, 
g iv in g  a mean d ig e s t io n  e f f i c i e n c y  o f  94.8%.
F ig .  45 shows th e  ca rbohydra te  l e v e l  in  f a e c a l  m a te r ia l  over th e  course  
o f  th e  experim ent. Faecal m a te r ia l  from days 5-7 was assayed to g e th e r .
In fed  specim ens, th e  carbohydra te  c o n ten t  dropped to  th e  "b asa l  l e v e l "  
d isp la y ed  by s ta rv e d  L it to v in a ,  two to  f i v e  days a f t e r  th e  te rm in a t io n  o f  
fe e d in g .  The s ta n d a rd  e r r o r  o f  th e  mean fo r  th e  r e p l i c a t e s  (both t r i a l  and 
c o n t ro l )  g e n e r a l ly  f e l l  w i th in  25% o f  th e  mean.
6 .3 .2 .  D ig es t io n  o f  c e l l u lo s e  by L itto r in a  t i t t o r e a  and L itto v in a  ob tu sa ta
C e l lu lo se ,  a polymer o f  1 ,4  l in k ed  g-D-glucose, i s  undoubtedly  th e  b e s t  
known and most common s k e l e t a l  component o f  a lg a l  c e l l  w a l l s .  However, th e  
abundance o f  th e  f i b r i l l a r  c e l l u lo s e  component v a r i e s  c o n s id e ra b ly ,  and i t  
may even be r e p la c e d ,  i n  some s p e c ie s ,  by f i b r i l s  comprising polymers o f  1,4 
l in k ed  3-D-mannose o r  1 ,3  l in k e d  g-D-xylose.
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Fig. 43 Carbohydrate level in faecal material of L itto r in a  l i t to r e a .
A. T r ia l  specimens fed  on Ulva.
( s t ip p le d  "bars rep resen t  feeding period)
B. Unfed co n tro l  specimens.
A ll figu res represent the mean o f three r e p lic a te s .
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p r im a r i ly  by a framework o f  c e l l u lo s e  m i c r o f i b r i l s .  However, th e  c e l l u lo s e  
component may c o n s t i t u t e  only  a small pe rcen tage  o f  th e  e n t i r e  w a l l .  Thus, 
in  F e lv e tia  c e l l u lo s e  comprises j u s t  1.5% o f  th e  w a l l ,  and In Asaophyttum  
7% (Crenshaw e t  a t . ,  1958).
Although th e  c e l l  w a ll  s t r u c t u r e  o f  the  Rhodophyta has been s tu d ie d  le s s  
e x te n s iv e ly ,  the  F lo r ideophyceae  a r e  known to  c o n ta in  randomly o r ie n te d  
c e l l u lo s e  m i c r o f i b r i l s  i n  the  in n e r  la y e r  o f  th e  w a ll  (Brawley and Wetherbee, 
1981). This group c o n ta in s  th e  s tudy  sp ec ie s  CovaVlina, G ig a r tin a , Laurenoia 
and F otysiph on ia . In  c o n t r a s t ,  th e  Bangiophycidae, in c lu d in g  the  f o l i o s e  
a lga  Forphyra, r e p la c e  th e  c e l l u l o s i c  component w ith  3 1-3 l in k ed  xylan.
In  the  f i lam en to u s  green  a lga  CZadophora, c e l l u lo s e  c o n s t i t u t e s  a 
r e l a t i v e l y  h igh  p ro p o r t io n  o f  th e  c e l l  w all - up to  29% in  CZadophora 
r u p e s tr is  (P res to n ,  1974). C e l lu lo se  i s  a lso  p re s e n t  in  the  f o l i o s e  sp ec ie s  
UZva and Enteromorpha, a lthough  th e  o rg a n is a t io n  o f  c e l l u l o s e  f i b r i l s  i s  
l e s s  d i s t i n c t  and th e r e  i s  much amorphous m a te r i a l .
C e l lu lo se  le v e l s  may be o f  some s ig n i f i c a n c e  to  g raz in g  h e rb iv o re s ,  as 
c e l l u lo s e  has long been re c o g n ise d  as th e  l e a s t  d i g e s t i b l e  s t r u c t u r a l  carbo­
h y d ra te .  Huang and Giese (1958), f o r  example, found t h a t  stomach e x t r a c t s  
from th e  g ia n t  c h i to n ,  C ryptooh iton  s t e t Z e r i ,  were t o t a l l y  i n e f f e c t i v e  on a 
c e l l u lo s e  s u b s t r a t e .  However, t h e r e  a r e  s e v e ra l  r e c e n t  r e p o r t s  which sugges t  
t h a t  c e r t a in  m olluscs  can, and do, d ig e s t  c e l l u lo s e  (e .g .  Mirza and Serban, 
1981; S e id e re r  e t  a t . ,  1982). Furtherm ore , sym bio tic  gu t b a c t e r i a  have 
been im p lic a te d  in  th e  u t i l i s a t i o n  o f  c e l l u lo s e  by sea  u rc h in s  (Fong and 
Mann, 1980).
In t h i s  s e c t io n  th e  a b i l i t y  o f  L itto r in a  t i t t o r e a  and L itto r in a  o b tu sa ta  
to  d ig e s t  the  s t r u c t u r a l  c e l l u lo s e  in  favoured food item s i s  examined 
e x p e r im en ta l ly .  B oolootian  and Lasker (1964) p re s e n t  evidence to  su g g es t  
th a t  marine h e rb iv o re s  in  g e n e ra l  e a t  a lg a l  foods which a re  com patib le  w ith  
th e  enzymic and o th e r  equipment o f  d ig e s t io n .  Hence d i f f e r e n c e s  in  th e  
r e l a t i v e  a b i l i t y  o f  th e  two l i t t o r i n i d s  to  d ig e s t  c e l l u l o s e  may be expected 
to c o n t r ib u te  to d i f f e r e n c e s  in  feed ing  p re fe re n c e s .
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a) Methods
Samples f o r  c e l l u lo s e  a n a ly s i s  were ob ta ined  u s in g  th e  experim ental 
procedure  d e sc r ib e d  in  s e c t io n  6 .3 ,1 a )  above. L it to r in a  titiaDvea  was fed  
on Utva and L itto r in a  o b tu sa ta , on Fuous s e r ra tu s .  Three t r i a l s  and th re e  
c o n tro ls  were m onitored f o r  each s p e c ie s .  Ten f l a t  w ink les  (12-14mm. s h e l l  
h e ig h t)  were used in  each r e p l i c a t e .
Subsequently , n o n - c e l lu lo s ic  c a rbohydra tes  were removed from a l l  samples 
us ing  U p d eg ra f f ’s (1969) e x t r a c t i o n  procedure  (Appendix C). This i s  p u rp o r ted  
to  remove a l l  l i p i d ,  p r o t e in ,  l i g n i n  and n o n - c e l lu lo s ic  p o ly sa c c h a r id e s ,  
leav in g  th e  c e l l u lo s e  f i b r e s  i n t a c t  (S loneker, 1971), and has been widely 
used as an a ssay  o f  th e  c e l l u l o s e  co n ten t  o f  p la n t  t i s s u e s  (e .g .  Freeze and 
Loomis, 1977, 1978). The remaining carbohydra te  c o n te n t  ( c e l lu lo s e )  was 
e s ta b l i s h e d  u s in g  th e  Dubois e t  a t .  (1956) method, as  above (see a lso  
Appendix B ),
b) R esu lts
On th e  b a s i s  o f  th e s e  experim ents , a mean c e l l u lo s e  c o n te n t  of 1.3% wet 
weight was computed f o r  Utva.  This compared w ith  th e  s l i g h t l y  lower f ig u r e  
o f  1.0% fo r  Fuous. 18.2-37.9% o f  in g e s te d  c e l l u lo s e  sub seq u en tly  appeared 
in  th e  f a e c a l  m a te r ia l  o f  L itto r in a  t i t t o r e a ,  g iv ing  a mean c e l l u l o s e  
d ig e s t io n  e f f i c i e n c y  o f  72.8% f o r  t h i s  sp e c ie s .  For L it to r in a  o b tu sa ta  th e  
d ig e s t io n  e f f i c i e n c y  was c o n s id e ra b ly  low er. 50.0-80.2% o f  in g es ted  
c e l l u lo s e  appeared in  th e  fa e c e s ,  corresponding  to  a mean d ig e s t io n  e f f i c i e n c y  
o f  34.9%.
F ig s .  46 and 47 show the  f l u c t u a t i n g  c e l l u lo s e  le v e l  in  fa e c a l  m a te r ia l  
during  th e  course  o f  th e  experim ents . Faecal m a te r ia l  from days 5-7 was 
assayed  to g e th e r .  In fed  specimens o f  bo th  s p e c ie s ,  th e  c e l l u l o s e  c o n ten t  
f e l l  to  the  "b asa l  le v e l "  reco rded  in  the  fa e ce s  o f  s ta r v e d  s n a i l s ,  th r e e  to  
f iv e  days a f t e r  th e  te rm in a t io n  o f  fe e d in g .  The s tan d a rd  e r r o r  o f  th e  mean 
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Fig. 46 C ellu lo se  le v e l  in  f a e c a l  m a te r ia l  o f  L itto r in a  l i t to r e a
km T r i a l  specimens fed  on Ulva,
(stippled t a r s  re p re se n t  feed ing  p e r io d )
B. Unfed c o n tro l  specim ens.
A ll fig u res  represent the mean o f three r e p lic a te s .
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Fig. 47 C e l lu lo se  le v e l  in  f a e c a l  m a te r ia l  o f  L 'tttov in a  ob tu sa ta
A. T r ia l  specimens fed  on Fuous serra tu s .
( s t ip p le d  b a r s  re p re se n t  feed ing  p e rio d )
B, Unfed c o n tro l  specimens.
A ll fig u res  represent the mean o f three r e p lic a te s .
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6 .5 .5 .  C e l lu la s e  a c t i v i t y  in  Litix}orina t'L ttorea
The r e l a t i v e  e f f i c i e n c y  o f  c e l l u lo s e  d ig e s t io n  in d i c a t e s  a high le v e l  
of c e l l u l a s e  a c t i v i t y  in  th e  l i t t o r i n i d  g u t .  This s e c t io n  a s s e s s e s  the  
c e l l u l a s e  co n ten t  o f  th e  fa e c a l  m a te r ia l  and i t s  l i k e l y  o r ig i n .
a) Methods
Faecal samples were ob ta ined  by feed ing  s ix  s ta rv e d  common w inkles  on 
Utva f o r  t h r e e  days. Faeca l m a te r ia l  was c o l le c te d  d a i l y  f o r  f i v e  days and 
f ro ze n  u n t i l  a n a ly s i s .  The c e l l u l a s e  a c t i v i t y  was a sse sse d  by measuring 
th e  r e d u c t io n  in  v i s c o s i t y  o f  c a rb o x y m eth y lce l lu lo se .  V i s c o s i t i e s  were 
measured us ing  a Cannon-Fenske sem i-m icroviscom eter (see Swenson, 1963) a t  
a tem pera tu re  o f  25°C. 1ml. o f  th e  sample s o lu t io n  was added to  2ml. o f  0.1% 
carb o x y m eth y lce llu lo se  and th e  change in  v i s c o s i t y  was reco rd ed  during 
in c u b a t io n  in  a w ater b a th .  One u n i t  o f  c e l l u l a s e  a c t i v i t y  was d e f in ed  
a r b i t r a r i l y  as  th e  amount o f  c e l l u l a s e  r e q u ire d  to  d ec rea se  th e  v i s c o s i t y  a t  
an i n i t i a l  r a t e  of one second per m inute . This co rresponds to  0.8 u n i t s  of 
Sigma c e l l u l a s e ,  ca ta lo g u e  number C-7377, from A sperg 'tttu s n'Lgev.
The t o t a l  c e l l u l a s e  co n ten t  o f  th e  fa e c a l  m a te r ia l  was a sse ssed  in  two 
s te p s .  As d i f f u s i o n  o f  c e l l u l a s e  from th e  faeces  in to  s o lu t io n  probably  
occurred  du ring  fe e d in g ,  th e  c e l l u l a s e  a c t i v i t y  o f  th e  sea  w ater  was f i r s t  
t e s t e d .  The f a e c a l  m a te r ia l  i t s e l f  was th en  homogenised w ith  1 .0  ml. co ld  
O.IM T r i s -h y d ro ch lo r ic  ac id  b u f f e r  (pH 7 .5 )  and th e  homogenate was c e n t r i ­
fuged a t  10,000g. f o r  30 seconds. The c e l l u l a s e  in  th e  su p e rn a ta n t  was th en  
assayed.
The c e l l u l a s e  c o n ten t  o f  th e  food was e s tim ated  as fo l lo w s :  2g. Utva
(wet weight) was homogenised w ith  8ml. 0.3M T r i s -h y d ro c h lo r ic  a c id  b u f f e r  
(pH 7 .5 )  a t  0°C. The homogenate was c e n tr i fu g e d  a t  10,000g. fo r  60 seconds 
and the  c e l l u l a s e  i n  th e  su p e rn a ta n t  was assayed .
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b) R esu l ts
A t o t a l  c e l l u l a s e  a c t i v i t y  o f  4 .4  u n i t s  was reco rd ed  f o r  the  faeca l  
m a te r i a l .  The e s t im ated  c e l l u l a s e  a c t i v i t y  o f  th e  Utva consumed during  
feed ing  was 3 .9  u n i t s  (1 ,39 u n i t s  per gram wet w e ig h t) .
6 .4 .  Chemical defences
Defence a g a in s t  pathogens and h e rb iv o re s  may be secu red  by many 
d i f f e r e n t  mechanisms. Much o f  th e  l i t e r a t u r e  concern ing  th e  food 
p re fe re n c e s  of t e r r e s t r i a l  h e rb iv o re s  c en tre s  on th e  p resence  and a c t i v i t y  
o f  v a r io u s  secondary p la n t  compounds ( e .g .  F r a e n k e l ,1959; Feeny, 1975). 
Indeed, s in c e  Feeny (1969) noted  t h a t  in s e c t  h o s t - f in d in g  and g u s ta to ry  
behav iour was c o n t r o l le d  l a r g e ly  by such su b s tan ces ,  th e  i n t e r a c t i o n  o f  
h e rb iv o res  and p l a n t  a l le lo ch e m ic s  has become a r a p id ly  expanding f i e l d  o f  
s c i e n t i f i c  in q u iry  and th e r e  i s  now a s u b s ta n t i a l  accum ula tion  of evidence 
to  im p l ic a te  many p l a n t  secondary substances  as a n t i b i o t i c  ag en ts  in  
e co lo g ica l  i n t e r a c t i o n s  between p l a n t s  and t h e i r  a s s o c ia te d  b io t a  (Rhoades 
and C ates ,  1976). The p ro d u c ts  concerned a re  d iv e r s e ,  rang ing  from 
a lk a lo id s  to te rp e n es  to  p h en o lic s  and s t e r o i d a l ,  cyanogenic and m ustard o i l  
g ly c o s id e s .  Some, such as th e  p h e n o l ic s ,  a re  u b iq u i to u s  in  seed p l a n t s ,  
w hile  o th e rs  occur in  only a few sp ec ie s  (Levin, 1976).
In r e c e n t  y e a r s ,  comparable compounds have been found in  c e r t a i n  marine 
a lgae  and i t  has been sugges ted  t h a t  th e se  may in f lu e n c e  g raz in g  by b o th  
v e r t e b r a t e  and in v e r t e b r a te  g ra z e r s .  Tannins s im i la r  to  th o se  found in  
t e r r e s t r i a l  p l a n t s ,  have been i s o l a t e d  from many brown a lg a l  sp ec ie s  ( e .g .  
Ragan and Jen sen , 1977,1978; Geiselman and McConnell, 1981; Glombitza,
1981; Zavodnik and Jensen , 1981), w h ile  v a rio u s  h a logena ted  compounds have 
been r e p o r te d  from members o f  th e  C hlorophyta , Phaeophyta and Rhodophyta, 
bu t appear most p re v a le n t  in  th e  re d  a lg ae  (F e n ic a l ,  1975; Geiselman, 1980). 
Furtherm ore, Harwell e t  a t .  (1981) have r e c e n t ly  i d e n t i f i e d  pharm acolog ica lly -  
a c t iv e  amines i n  c e r t a i n  red  a lgae  and o th e r  workers have shown th e  a l i p h a t i c
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amines to  be w idely d i s t r i b u t e d  (S te in e r  and Hartmann, 1968). The l a t t e r  
a r e  thought p r im a r i ly  to  r e s t r i c t  th e  growth o f  ep iphy tes  (Hartmann and 
Aufermann, 1973) bu t i t  i s  p o s s ib le  t h a t  the  amines may a lso  in f lu en c e  
g raz in g .
Perhaps th e  most w idely  accep ted  f u n c t io n a l  d iv i s io n  o f  th e  s o - c a l l e d  
" p la n t  d e fe n s iv e  ch em ica ls" ,  i s  t h a t  of Feeny (1975). Feeny proposed th e  
term " q u a n t i t a t iv e "  de fences  to  d e sc r ib e  th o se  a l le lo c h e m ic s ,  such as the  
ta n n in s ,  which a c t  in  a dosage-dependent fa sh io n  so t h a t  th e  degree o f  
p r o te c t io n  from herb ivo ry  i s  d i r e c t l y  r e l a t e d  to  th e  t i s s u e  c o n c e n t ra t io n  
o f  th e  su b s tan ce .  " Q u a l i t a t iv e "  defences , on th e  o th e r  hand, in c lude  such 
p l a n t  secondary su b s tan ces  as g lu c o s i n o la t e s , a lk a lo id s  and cyanogenic compounds 
(Rhoades, 1979), a l l  o f  which a re  c h a r a c t e r i s t i c a l l y  p re s e n t  in  low t i s s u e  
c o n c e n tra t io n s  (commonly <2% d ry  w eigh t) and which, though l e s s  c o s t l y  to  
p la n t  metabolism than  th e  aforem entioned q u a n t i t a t i v e  d e fe n c e s ,  can co n fe r  - 
adequate p r o te c t io n  a g a in s t  nonadapted h e r b iv o r e s . However, even a t  high 
c o n c e n t ra t io n s ,  such compounds t y p i c a l l y  p rov ide  l i t t l e  p r o t e c t i o n  a g a in s t  
s p e c ia l i s e d  h e rb iv o re s  which may evolve d e t o x i f i c a t i o n  or to le ra n c e  
mechanisms (Rhoades, 1979). Q u a n t i t a t iv e  defences a re  c h a r a c t e r i s t i c  o f  
apparen t p la n t s  and p la n t  t i s s u e s  r e a d i ly  lo c a te d  by th e  g ra z e r ,  whereas 
q u a l i t a t i v e  defences  norm ally  c h a r a c t e r i s e  unapparent ephemeral p la n t s  and 
t i s s u e s  in h e re n t ly  l e s s  v u ln e ra b le  to  d isco v e ry .
As Rhoades and Cates (1976) re c o g n ise ,  most q u a l i t a t i v e  defences o f  
"ephemeral" (= unapparen t)  p la n t s  are  designed to  i n t e r f e r e  w ith  th e  i n t e r n a l  
metabolism o f th e  h e rb iv o re ,  w hile  th e  q u a n t i t a t i v e  defences  o f  th e " p r e d ic ta b le  
and a v a i l a b le "  (= ap p aren t)  p la n ts  ( e .g .  ta n n in s )  a c t  w i th in  th e  gu t,  
i n h ib i t i n g  th e  d ig e s t io n  o f  p l a n t  t i s s u e  and consequen tly  reduc ing  th e  
a v a i l a b i l i t y  o f  p la n t  n u t r i e n t s .  As th e  d i g e s t i b i l i t y - r e d u c e r s  a re  n o t  
r e q u i re d  to c ro ss  c e l l u l a r  membranes, such substances  may be composed o f  
la rg e  o r  small m olecules  o f  e i t h e r  h y d ro p h i l ic  o r  l i p o p h i l i c  n a tu r e .  The 
o n ly  requ irem ent i s  a c t i v e  d i s r u p t io n  o f  th e  d ig e s t iv e  p ro c e ss .
As Levin (1976) p o in ts  o u t ,  th e  u t i l i s a t i o n  of chemical d e fe n s iv e
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s t r a t e g i e s  a g a in s t  raolluscan h e rb iv o re s  i s  poo rly  und e rs to o d . Cates and 
O rians (1975) have shown t h a t  s lu g s  o f  th e  genera Ar'Lot'imax and A-rion f in d  
e a r ly  su cc e ss io n a l  sp ec ie s  more p a la t a b le  th an  l a t e  su c c e ss io n a l  and climax 
s p e c ie s .  However, th e  n a tu re  o f  th e  u n p a la ta b le  substances  was no t 
a s c e r ta in e d .  Likewise, Grime e t  a t ,  (1970), working w ith  th e  land  s n a i l  
Ce'paea nem oTatts  ^ found t h a t  th e  p a l a t a b i l i t y  o f  d i f f e r e n t  p la n t s  v a r ie d  
markedly, b u t  f a i l e d  to  i d e n t i f y  th e  chem ica l(s )  r e s p o n s ib le .
There i s  f u r t h e r  evidence o f  s e l e c t i v e  feed ing  by m o llu scs  on cyanogenic 
forms of th e  same s p e c ie s .  Jones (1962) dem onstrated  th a t  consumption of 
Lotus Q ovntoutatus  by A rtotim ax  and Avtont and by th e  s n a i l s  Ariana  and Het-ix, 
was in v e r s e ly  c o r r e la t e d  to th e  co n ten t  o f  cyanogenic g lu c o s id e s .  S im ila r  
feed ing  behav iour by ATtotim ax  and AT-ion on cyanogenic v a r i a n t s  o f  Tr'tfot'Cum 
repens  has a l s o  been reco rded  (see  Levin, 1976).
Although th e  accum ulation  of m e ta b o l ic a l ly - re d u n d a n t  subs tances  in  th e  
c e l l s  o f  marine a lg a e  has o f t e n  been im p lica ted  in  s e l e c t i v e  g raz in g  by 
m olluscan h e rb iv o re s ,  th e re  is  i n  f a c t ,  very  l i t t l e  unequivocal evidence o f  
chem ica lly -m edia ted  food s e l e c t i o n .  There i s  undoubtedly  a  g re a t  need f o r  
i n t e r - d i s c i p l i n a r y  r e s e a rc h  l in k in g  th e  e co lo g ica l  and biochem ical a sp e c ts  
o f  s e l e c t i v e  g ra z in g .  What evidence th e re  i s ,  however, does suggest t h a t  
a l le lo ch e m ic s  f u l f i l  an im portan t r o l e .  Geiselman and McConnell (1981) 
dem onstrated e x p e r im en ta l ly ,  t h e  i n h i b i t i o n  o f  common winkle feed ing  by 
po lyphenols  e x t r a c te d  from t h e  brown a lg ae  Fuous ves'Coutosus and Asoophyttum  
nodosum. Other substances  have been shown to  ac t  as s t ro n g  phagostim u lan ts  
to  in v e r t e b r a te  g ra z e rs  ( e .g .  C a re fo o t ,  1980), w h ile  compounds to x ic  to  
g e n e r a l i s t  g ra z e rs  may prove to  have a t t r a c t i v e  q u a l i t i e s  f o r  th e  s p e c i a l i s t .  
S t a l l a r d  and F au lkner (1974) reco rded  p r e f e r e n t i a l  g ra z in g  o f  Laureneia  and 
Ptooam'Cum by th e  sea  h are  Apt y s t a ,  which was observed to  c o n c e n tra te  h a lo -  
genated  a lg a l  m e ta b o l i te s  in  i t s  d ig e s t iv e  g land  and may i t s e l f  u t i l i s e  th e se  
substances  as a defence  a g a in s t  p re d a t io n .
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6 .4 .1 .  P a l a t a b i l i t y  o f  a lg a l  e x t r a c t s  f o r  L itto r in a  Z-ittovea
S e le c t iv e  g raz ing  a t  th e  germ ling le v e l  may r e p re s e n t  a response  to 
th e  n u t r i t i o n a l / c a l o r i c  v a lu e  o r  th e  p a l a t a b i l i t y  ( t a s t e )  o f  th e  a lg a e .
The two a re  not m u tua lly  e x c lu s iv e ,  s in c e  d i f f e r e n c e s  i n  food va lu e  may 
r e f l e c t  the  a c t i v i t y  o f  d i g e s t i b i l i t y - r e d u c i n g  and hence d i s t a s t e f u l ,  
a l l e lo c h e m ic s .
I f  p l a n t  secondary compounds a r e ,  in  f a c t ,  im portan t d e t e r r e n t s  to  
in v e r t e b r a te  g raz in g  in  th e  i n t e r t i d a l ,  then  th e  w e l l -d e f in e d  g raz in g  
p re fe re n ce s  which have been dem onstrated  must be based , a t  l e a s t  in  p a r t ,  
on e f f i c i e n t  p e rc e p t io n  o f  noxious (and p o s s ib ly  a lso  a t t r a c t i v e )  a l l e l o ­
chemics. A ctive  sampling by in g e s t io n  c o n s t i t u t e s  th e  most obvious means 
o f  t e s t i n g  f o r  th e  p resen ce  o f  subs tances  s to re d  i n t r a c e l l u l a r l y . E v o lu tio n  
w i l l  p ro g ress  such t h a t  "harm ful"  chem icals a cq u ire  a •'bad t a s t e "  (Chapman 
and Blaney, 1979) r e a d i l y  d e te c te d  by g u s ta to ry  r e c e p to r s .  Here, th e  
g u s ta to ry  re sp o n se  to  e x t r a c t s  from th e  t e s t  a lg ae  i s  examined w ith  th e  
common w in k le ,  L vtto rvn a  V itto re a ,
a) Methods
The p a l a t a b i l i t y  o f  aqueous e x t r a c t s  de rived  from the  t e s t  a lg ae  was 
a sse ssed  u s in g  a te ch n iq u e  adapted  from Grime e t  a t .  (1970). Three grammes 
(wet weight) o f  f r e s h  a lg a l  m a te r ia l  was homogenised in  10ml. o f  d i s t i l l e d  
w ater  and f i l t e r e d  through Whatman n o . l  f i l t e r  p aper . Small squares  o f  
f i l t e r  paper (Whatman n o . l )  were weighed, soaked in  th e  f i l t e r e d  e x t r a c t  
and subsequen tly  d r ie d  in  an oven a t  30-40°C. Consumption o f  t r e a t e d  f i l t e r  
paper was gauged a g a in s t  consumption o f  u n t r e a te d  f i l t e r  paper squares  o f  
comparable d ry  w e ig h t .
Trea ted  and u n t r e a te d  samples were p laced  in  s e p a ra te  compartments o f  
a p a r t i t i o n e d  p e t r i - d i s h  s e t  in  th e  base  o f  a shallow Pyrex c r y s t a l l i s i n g  
d is h  (9cm. d ia m e te r ) . The f i l t e r  paper squares and th e  base  o f  th e  empty 
compartment, were each m oistened w ith  s e v e ra l  drops o f  f i l t e r e d  sea  w ater
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(added by P as teu r  p i p e t t e ) . Four common winkles were in tro d u ced  to  th e  
empty compartment and th e  d is h  was p laced  in  a growth c ab in e t  (16L : 8D 
photoregim e; 15 ± 1°C). Drops o f  f i l t e r e d  s e a  w a ter  were added p e r i o d i c a l l y ,  
to  ensure  t h a t  th e  f i l t e r  paper remained m oist th ro ughou t the  experim ent.
A f te r  one to  fo u r  days (depending on the  v o r a c i ty  o f  th e  s n a i l s ) ,  the  
unea ten  f i l t e r  paper was removed from each compartment and washed in  
d i s t i l l e d  w ater to  remove s a l t  and e x t r a c t .  The samples were th en  oven- 
d r ie d  and re -w eighed . P re l im in ary  t r i a l s  (w ithou t s n a i l s )  in d ic a te d  th a t  
samples o f  both  t e s t  and r e fe re n c e  m a te r ia l  t r e a t e d  in  t h i s  way, could be 
re-w eighed c o n s i s t e n t ly  to  w i th in  0.2  mg. o f  t h e  o r ig i n a l  w e ig h t.  The 
b a s ic  experim ent was r e p l i c a t e d  te n  tim es w ith  each a lg a .
b) R esu l ts
The r e s u l t s  a re  p re sen te d  in  Table 40. P a l a t a b i l i t y  in d ic e s  r e p re s e n t  
th e  r a t i o  o f  t e s t  to  r e f e re n c e  m a te r ia l  consumed (dry w e ig h t ) . E x t ra c ts  
from th e  green  a lg a  Ctadophora, t h e  h ig h ly  favoured f o l i o s e  sp ec ie s  
Enteromorpha and Poiptq/ra , and th e  germ ling s tag es  o f  Enteromorpha and U tva, 
s i g n i f i c a n t l y  in c re a se d  consumption o f  th e  f i l t e r  paper s u b s t r a t e .
C onverse ly , consumption was in h ib i t e d  by t re a tm e n t  w ith  e x t r a c t s  from 
Laurenoia and bo th  m ature and ju v e n i l e  Asoophyttum.
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Table 4 0 . P a l a t a b i l i t y  o f  aqueous e x t r a c t s  f o r  L ittovi-n a  V itto rea .
A ste r isk s  denote  s ig n i f i c a n c e  o f  d i f f e r e n c e  between consumption 
of t e s t  and r e fe re n c e  m a te r ia l  (Wilcoxon s ig n ed -ran k  t e s t ) .
Alga Mean P . l .  ± S.E .
Porphyra umb'il'Coat'Cs 4.85 + 1.236*
Utva taotuoa 4.39 ± 2.094^'S"
Ctadophora r u p e s tr ts 3.42 i 1.241*
Entevomorpha germ lings 3.35 ± 1.099*
Enteromorpha tn testvn at'C s 3.12 i 1.047*
Utva taotuoa  germ lings 3.01 i 1.073*
Po ty  siphon ta  tano sa 1.89 ± 0 .7 2 4 * '^ '
Fuous se r ra tu s  germ lings 1.68 ± 0^72gn .s .
G ïgarttn a  s t e t t a t a 1.53 ± 0 .650* 'S '
Fuous se r ra tu s 1.40 ± 0 .4 1 9 * '^ '
C ora ttin a  o f f i c in a t t s 1.28 + 0.388^*®'
Asoophyttum nodosum germ lings 0.71 ± 0.362*
Laiœenova p tn n a tv f id a 0.52 ± 0.255**
Asoophyttum nodosum 0.49 + 0.300*
n . s ,  non s i g n i f i c a n t  
* 0.01 < P < 0.05
** 0.001 < P < 0.01
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6 .4 .2 .  E f fe c t  o f  a lg a l  exudates on consumption by L it to r in a  l i t t o r e a
Many brown a lg ae  r e l e a s e  d is so lv e d  o rgan ic  m a t te r  from th e  i n t a c t  
t h a l l u s  in to  th e  su rround ing  sea  w a te r .  D esp ite  claims t h a t  some o r  a l l  
o f  t h i s  r e l e a s e  i s  an a r t e f a c t  a r i s i n g  from shock, s t r e s s  o r  in ju r y  (e .g .  
Kroes, 1970), i t  has been dem onstrated  beyond doubt (Ragan and Jensen , 1979; 
Zavodnik and Jen se n ,  1981) t h a t  the  r e l e a s e  o f  po lypheno ls  from a number o f  
brown a lg a e  i s ,  a t  l e a s t  p r im a r i ly ,  genuine exudation .
At th e  same tim e , work a t  th e  U n iv e rs i ty  o f  C a l i f o r n ia  has a t t r i b u t e d  
d i f f e r e n t i a l  s e t t le m e n t  o f  th e  p la n k to n ic  Edl-iotrts l a r v a e  to  th e  p resence  of 
n o n d ia ly zab le  macromolecules a s s o c ia te d  w ith  th e  s u r fa c e  o f  th e  c ru s to se  red  
s p e c ie s .  S im i la r ly ,  work on the  g re g a r io u s  s e t t le m e n t  o f  c ry p id s  a lso  
sugges ts  a re sp o n se  to  th e  m olecu lar  n a tu re  o f  th e  su r fa c e  (C risp , 1976).
The prosobranch  m ollusc  i s  w e ll  supp lied  w ith  sense o rg a n s .  The e n t i r e  
s u r fa c e  o f  th e  body i s  n a t u r a l l y  s e n s i t i v e  to  chemical s t im u la t io n ,  a lthough  
the  t e n t a c l e s  and l i p s  of th e  head, to g e th e r  w ith  th e  s id e s  o f  th e  fo o t  and 
th e  m antle  edge, appear to  be th e  prime sensory  a reas  ( F r e t t e r  and Graham, 
1962; Bovbjerg, 1968). In  a d d i t io n ,  th e  mantle c a v i ty  c o n ta in s  a l i n e a r  
r id g e  p a r a l l e l  to  the  c t e n i d i a l  a x is  ( th e  osphradiura) which c o n s i s t s  o f  an 
ep ithe lium  o f  senso ry  c e l l s  o v e r ly in g  a ganglion  ( F r e t t e r  and Graham, 1962). 
The osphradium i s  u s u a l ly  reg a rd ed  as th e  s e a t  o f  a chemical sense , whose 
fu n c t io n  i s  e i t h e r  o l f a c to r y  o r  g u s ta to r y .
I t  i s  p o s s ib le  t h a t  the  n a tu re  o f  exudates an d /o r  s u r f a c e - a s s o c ia te d  
m olecu les ,  may be d e c i s iv e  in  de term in ing  th e  response  o f  in v e r t e b r a te  
h e rb iv o re s  on co n tac t  w ith  th e  a lg a l  t h a l l u s .  In th e  two-way choice  
experim ents d e sc r ib e d  in  Chapter 5, a number o f  a lg a e  were r e j e c t e d  w ithou t 
any v i s i b l e  s ig n s  o f  g raz ing  appearing on th e  lam ina. Exudates or su r fa c e  
co a tin g s  cou ld  p rov ide  a mechanism p e rm it t in g  c lo se - ra n g e  r e c o g n i t io n  o f  
u n p a la ta b le  m acroalgae w ithou t r e q u i r in g  t h a t  the  epiderm al l a y e r  be 
breached p h y s ic a l ly .  In t h i s  s e c t io n ,  the  in f lu e n c e  o f  exudates on feed in g  
by Li’ttor'Cna t'iiTboreat i s  t e s t e d  ex p e r im en ta l ly .
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a) Methods
The p a l a t a b i l i t y  o f  exudates  from AsoophyVlwn and Enteromorpha was 
t e s t e d  u s in g  th e  tech n iq u e  employed above in  s e c t io n  6 ,4 .1 .  Approximately 
th r e e  grammes o f  th e  t e s t  a lg a  was washed in  f i l t e r e d  sea  w a ter  to  remove 
g ro ss  contam inants and in c id e n ta l  exudates from damaged p a r t s  of th e  t h a l l u s .  
The a l g a l  sample was then p laced  in  a v i a l  con ta in ing  10ml. f i l t e r e d  sea 
w ater  and p e rm it te d  to  s tan d  fo r  48-120 hours (16L : 8D photoregim e; 15 ±
1°C ). Subsequently  th e  a lg a  was removed from th e  v i a l  and the  sea w ater 
was f i l t e r e d  through a Whatman n o . l  f i l t e r  paper .  T es t  and r e fe re n c e  
m a te r ia l  was p repa red  as d e sc r ib e d  in  s e c t io n  6 .4 .1 a  above and g raz ing  by 
L'ittoT'ina Z'itix>rea was a s se ssed  over a p e r io d  o f  one to  fo u r  days.
b) R esu l ts
P a l a t a b i l i t y  in d ic e s  (Table 41) reco rd  the  r a t i o  o f  t e s t  to  re fe re n c e  
m a te r ia l  consumed (dry w e ig h t) .  Consumption o f  t e s t  m a te r ia l  exceeded 
consumption o f  r e f e re n c e  m a te r ia l  f o r  Enteromorpha (120 hours soak ing) .
6 .4 .3 .  D e term ination  o f  t o t a l  phenols in  aqueous e x t r a c t s
Polyphenols i s o l a t e d  from the  brown a lgae  a r e  o f te n  assumed to  be 
f u n c t io n a l ly  s im i la r  to  the  t e r r e s t r i a l  p la n t  ta n n in s ,  c o n fe r r in g  some degree 
of p r o te c t io n  a g a in s t  g raz in g  by b o th  v e r t e b r a te  and in v e r t e b r a te  h e rb iv o re s .  
However, th e  on ly  p o s i t i v e  evidence to  support t h i s  th e o ry  appears  to  be 
t h a t  o f  Hunger (1902) and Geiselman and McConnell (1981). Hunger found t h a t  
th e  sea hare  AptysLa» would consume Dïotyoixi diohotoma o n ly  a f t e r  the  a lg a  
was su b jec ted  t o  a fu c o s a n -e x t ra c t in g  p ro ced u re ,  w h ile  Geiselman and McConnell 
dem onstrated  t h a t  polyphenols  e x t r a c te d  from Fucus ves-icu tosus  and Asoophyttum  
nodosum, i n h ib i t e d  feed ing  by L'ittor'tna t t t i o r e a .
The occurrence  o f  phen o lic  compounds i n  th e  brown a lg ae  has been 
e s ta b l i s h e d  f o r  more than  80 y e a r s .  W ithin th e  a lg a l  c e l l ,  th e  polyphenols  
a re  s to re d  in  s p e c i a l i s e d  v e s i c l e s  termed physodes, which a re  re p o r te d  to
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Table 4 1 . P a l a t a b i l i t y  o f  a lg a l  exudates fo r  L 'itto r in a  V itto re a .
A ste r i sk s  denote  s ig n i f i c a n c e  o f  d i f f e r e n c e  between consumption 
o f  t e s t  and re f e re n c e  m a te r ia l  (Wilcoxon s ig n ed -ran k  t e s t ) .
Alga Soaking p e r io d  (hours) Mean P.,1. ± S.E.
Asoophyttum nodosum 48 1.24  ± 0 .4 1 ^ 'S '
Asoophyttum nodosum 120 1.36 ±
Enteranorpha 'Cntesii-nat'Cs 48 1.70 ± 0 .6 2 * '^ '
Enteromorpha ■intest'tnat'Cs 120 1.93 ± 0.66*
n . s .  non s i g n i f i c a n t
* 0.01 < P < 0.05
undergo d iu r n a l  and lo n g e r- te rm  v a r i a t i o n s  in  number (e .g .  Hunger, 1902).
The q u a n t i ty  o f  s to re d  p h e n o lic s  is  much g r e a te r  th an  r e q u i r e d  f o r  m etabo lic  
purposes a lone  and accum ulation w i th in  th e  c e l l  i s  n o t  n e c e s sa ry ,  s in ce  
polyphenols may be r e a d i l y  degraded and re c y c le d  o r  r e s p i r e d  (Levin, 1971). 
E x t ra c ta b le  phenols may make up as much as 0.5-9.4% dry  m a t te r  in  th e  brown 
a lg a  AsoophyVLum and 0.7-8.5% f o r  Fuous se r ra tu s  (Larsen and Haug, 1959).
A v a r i e t y  o f  p o s s ib le  p h y s io lo g ic a l  and e co lo g ica l  r o l e s  have been 
proposed, in c lu d in g  involvement in  c e l l u l a r  r e s p i r a t i o n ,  m e tab o lic  t r a n s p o r t  
and o u te r  c e l l  w a ll  b io g e n e s is ,  m ucilage fo rm ation , s to ra g e  o f  m etabo lic  
re s e rv e s  and p h o to p ro te c t io n  (see Ragan and Jen sen ,  1978). N ev erth e le ss ,  
a c o n s id e ra b le  body o f  c i r c u m s ta n t ia l  evidence favours  th e  h y p o th es is  
o r i g i n a l l y  proposed by Hunger (1902), t h a t  po lyphenols  p ro v id e  p r im a r i ly ,  a 
chemical defence  a g a in s t  p re d a to r s  an d /o r  ep ip h y tes  ( e .g .  McLachlan and C ra ig ie ,  
1964; S ieburgh , 1968).
Polyphenols a r e  known to  reduce  d i g e s t i b i l i t y ,  causing  th e  p r e c i p i t a t i o n
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of p r o te in s  and p o ly s a c c h a r id e s .  Higher p la n t  ta n n in s  reduce th e  a v a i l ­
a b i l i t y  o f  s u b s t r a t e  p e p t id e  groups to  d ig e s t iv e  enzymes and may a lso  complex 
w ith  th e  enzymes them selves (Rhoades and C a tes ,  1976). The d i g e s t i b i l i t y  o f  
s ta r c h  and c e l l u l o s e  is  reduced by bo th  enzyme and s u b s t r a t e  complex fo rm ation .
In t h i s  s tu d y , aqueous e x t r a c t s  from b o th  mature and ju v e n i le  Asoophyttum  
were shown to  i n h i b i t  g raz ing  by th e  common w ink le . Here, th e  polyphenol 
co n ten t  o f  th e  fu co id  e x t r a c t s  i s  a s se ssed  and co n s id e red  in  th e  l i g h t  o f  
th e  observed l i t t o r i n i d  g raz in g  p re fe re n c e s .
a) Methods
C o lo r im e tr ic  d e te rm in a t io n  o f  th e  r e l a t i v e  polyphenol c o n te n ts  o f  brown 
a lg a l  e x t r a c t s  has been a ttem pted  u s in g  th e  Fo lin -D enis  re a g en t  ( e .g .  Ragan 
and C ra ig ie ,  1976), Brentamine F a s t  Red 2G s a l t  ( e .g .  Zavodnik and Jen se n ,
1981), v a n i l l i n - s u l p h u r i c  a c id  ( e .g .  Ragan and Jen se n ,  1977), d ia z o s u lp h a n i l ic  
a c id  (Haug and Larsen, 1958), sodium carbonate  (Haug and Larsen , 1958) and 
th e  Folin-Lowry p rocedure  o u t l in e d  by Lowry e t  a t .  (1951) and Bruening e t  a t .  
(1970). The Folin-Lowry method has been  used r e c e n t ly  by R.W. Loveless (pers. 
comm.) w ith  some su cc e ss ,  and was consequently  adopted in  t h i s  s tu d y . The 
assay  i s  no t s p e c i f i c  fo r  phenols  as arom atic  amino a c id s  a re  a lso  measured. 
However, t h i s  i s  u n l ik e ly  to  i n t e r f e r e  s i g n i f i c a n t l y  w ith  e s t im ated  polyphenol 
l e v e l s  as th e se  subs tances  a re  p re s e n t  in  n e g l ig ib l e  q u a n t i t i e s *
Aqueous e x t r a c t s  from a d u l t  Fuous se r ra tu s  and m ature and ju v e n i le  
Asoophyttum, were p rep a red  as d e sc r ib e d  in  s e c t io n  6 .4 .1 a  above and analysed  
accord ing  to  th e  experim en ta l p rocedure  o u t l in e d  in  Appendix D. For each 
sp ec ie s  th r e e  s e p a ra te  samples were t e s t e d .  The polyphenol l e v e l s  o f  t e s t  
s o lu t io n s  were e s ta b l i s h e d  by r e fe re n c e  to  a c o lo r im e te r  c a l i b r a t i o n  curve 
r e l a t i n g  th e  phenol c o n c e n tra t io n s  o f  s tan d a rd  p h io ro g lu e in o l  s o lu t io n s  to  
th e  corresponding  absorbance v a lu e s .  P h io ro g lu c in o l  i s  one o f  th e  major
seaweed polyphenol p re c u rso rs  (Ragan, 1981) and i s  f r e q u e n t ly  used as a 
s tandard  in  t o t a l  phenol d e te rm in a tio n s  ( e .g .  Ragan and Jen se n ,  1977, 1978).
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b) R esu l ts
The r e s u l t s  a r e  summarised in  Table 42. The phenol c o n ten t  i s  g e n e r a l ly  
sm a ll ,  su g g es t in g  t h a t  th e  e f f i c i e n c y  o f  w ater e x t r a c t io n  i s  low. However, 
th e  h ig h e s t  polyphenol c o n ten t  was reco rd ed  in  th e  AsoophyViim  homogenate. 
Polyphenol l e v e l s  in  e x t r a c t s  from ju v e n i l e  AsQophyVLim and a d u l t  Fuous 
se rra tu s  were c o n s id e ra b ly  lower.
Table 42. Phenolic  co n ten t  o f  aqueous e x t r a c t s .
Species Mean conc^* in  e x t r a c t ,  
range in  p a ren th eses  
(pg.m l-1)
Mean conc^* in  food 
s u b s t r a t e  
(% d ry  weight)
Asoophyttum nodosum 82 (80-84) 0.009
Asoophyttum  germ lings 55 (51-59) 0.006
Fuous s e r ra tu s 52 (45-56) 0.006
6 .4 .4 .  Components o f  th e  p h en o lic  f r a c t i o n
In  some brown a lg a e ,  p h en o lic  compounds account f o r  as much as  2-10% 
by dry w eigh t, o f  th e  biomass (Haug and Larsen, 1958). Yet u n t i l  r e c e n t ly ,  
th e  p r e c i s e  chemical s t r u c t u r e  o f  th e  a lg a l  po lypheno ls  remained l a r g e ly  
unknown. However, a number o f  r e c e n t  b iochem ical in v e s t ig a t i o n s  have 
i s o la t e d  and i d e n t i f i e d  a v a r i e t y  o f  r e l a t i v e l y  u n r e a c t iv e  h ig h  m olecu lar  
weight p o ly p h lo ro g lu c in o ls  ( e .g .  Ragan and Jen sen , 1977; Ragan and Jam ieson,
1982). Glombitza (1977,1981), whose term "p h lo ro ta n n in "  i s  now w idely  used  
to  d e sc r ib e  th e se  compounds, was one o f  th e  f i r s t  to  succeed in  t h i s  f i e l d .  
Glombitza i d e n t i f i e d  p h io ro g lu c in o l  unambiguously i n  17 brown a lg ae ,  
in c lu d in g  Fuous se r ra tu s  and F, v e s to u lo su s , bu t f a i l e d  to  d e te c t  th e  p h lo ro -  
ta n n in  p re c u rso r  Asoophyttum  o r  F e tv e tta  (Glombitza, 1977,1981).
In  a l a t e r  s tu d y , Geiselman and McConnell (1981) c h a r a c te r i s e d  the
e c o lo g ic a l ly  a c t i v e  compounds in  methanol e x t r a c t s  from Fuous ves io u to su s  
and Asoophyttum nodosum, as p h io ro g lu e in o l  polymers w ith  a wide m o lecu lar  
weight range (m olecular weight < 30,000 to  > 300 ,000). Nuclear magnetic 
resonance a b so rp t io n  va lu es  were comparable to  th e  observed  v a lu es  f o r  th e  
p h lo ro g lu c in o l  monomers, d im ers , t r i m e r s , te t ra m e rs  e t c ,  i d e n t i f i e d  by 
Glombitza (1977, 1981). The occurrence  o f  b o th  carbon-carbon  and e th e r  
l in k ag es  was a lso  confirm ed.
In th e  p reced ing  s e c t io n ,  aqueous e x t r a c t s  from Asoophyttum  and Fuous 
s e r r a tu s ,  were shown to  c o n ta in  po ly p h en o ls .  Here, th e  e x t r a c t s  a re  
analysed  f o r  th e  p resen ce  o f  p h io ro g lu c in o l  polym ers, u s in g  t h i n  la y e r  
chrom atographic te c h n iq u e s .
a) Methods
Aqueous e x t r a c t s  were hydro lysed  (see  Appendix E) and the  h y d ro ly sa te s  
(d is so lv ed  in  1-2 ml. e th e r )  were s ep a ra te d  by t h i n  la y e r  chromatography (c f ,  
G lombitza, 1981), u s in g  th e  s o lv e n t  systems d esc r ib e d  by Harborne (1973). 
I n i t i a l  t r i a l s  w ith  p h en o lic  s tan d a rd s  showed poor s e p a r a t io n  w ith  th e  
a c e t i c  a c id  : ch loroform , 1 :9  s o lv e n t  system and u se  o f  t h i s  system was 
d is co n t in u ed .
The a c id  and a l k a l i n e  h y d ro ly sa te s  were chromatographed a longside  a 
s tan d a rd  p h io ro g lu e in o l  s o lu t io n  (O.Olg.ml”^ ) . To d e te c t  f r e e  p h en o ls ,  t h e  
s i l i c a  gel p la t e s  were sprayed w ith  F o l in  and C io c a l te a u  re a g en t  and w ith  
ammonia. As a c o n t r o l ,  th e  s t a b i l i t y  o f  th e  p h lo ro g lu c in o l  s tan d a rd  to  
h y d ro ly s is  was a s se s s e d  and th e  e f f ic ie n c y  o f  th e  e th e r  e x t r a c t i o n  procedure  
was a lso  e s ta b l i s h e d .
b) R esu lts
Mean Rp v a lu es  a re  recorded  in  Tables 43 and 44. D esp ite  a c e r t a i n  
amount o f  t a i l i n g ,  probab ly  r e s u l t i n g  from phenol d i s s o c i a t i o n  (see 
Rbnnerstrand , 1967), Rp va lu es  f o r  both  Asoophyttum  and Fuous h y d ro ly sa te s
Table 45. Thin la y e r  chromatography : A soophytlim  e x t r a c t .
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S olven t system
Mean Rp v a lu e s
P h lo ro g lu c in o l  Acid A lk a l in e
h y d ro ly sa te  h y d ro ly sa te







A ce tic  a c id : E th y la c e ta te : to lu e n e  - 0.29 0.02 0.02
1 : 8 : 11 0.32 0.11
0.13
Table 44. Thin la y e r chromatography : Fuous se rra tu s  e x t r a c t
Mean Rp v a lues
Solvent system P h lo ro g lu c in o l Acid h y d ro ly sa te  A lk a lin e  h y d ro ly sa te
Ethyl a c e t a t e : t o lu e n e 0.32 0.03 0,02
9 : 11 0.15 0.03
0.16
Ethyl a c e ta te :b e n z e n e 0.34 0.02 0.02
9 : 11 0.03 0.04
0.23 0.25
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were q u i t e  d i s t i n c t  from th e  Rp v a lu e  o f  th e  s tan d a rd  p h lo ro g lu c in o l  sp o t .
The sp o t  p a t t e r n s  f o r  th e  two sp ec ie s  were b road ly  s im i l a r .  Co-chromato­
graphy o f  p h lo ro g lu c in o l  w ith  e x t r a c t s ,  a lso  f a i l e d  to  r e v e a l  p h en o l ic s  w ith  
an Rp va lu e  s im i la r  to  t h a t  o f  th e  p h lo ro g lu c in o l  s ta n d a rd .
The c o n tro l  experiment dem onstra ted  th e  h igh s t a b i l i t y  o f  p h lo ro g lu c in o l  
to h y d ro ly s is .  The c a lc u la te d  e x t r a c t io n  e f f i c i e n c y  was 99.98% f o r  a c id  
h y d ro ly s is  and 98.95% fo r  a lk a l in e  h y d ro ly s is ,
6 .5 .  Ch emor ecep tio n
Various g as tropods  a re  known to  p o ssess  an a c u te ly  developed o l f a c to r y  
sense . The c a r r io n - e a t in g  o p is th o b ran ch , B u ltia  taeO'Lss'Lma, f o r  example, 
r e a c t s  p o s i t i v e l y  t o  th e  chemical p ro d u c ts  o f  decom position , tr im ethy lam ine  
and te t r a -m e th y l  ammonium (Brown, 1961). C e r ta in  h e rb iv o ro u s  sp ec ie s  a re  
a lso  thought to  u t i l i s e  chemical s t im u l i  in  th e  lo c a t io n  o f  food (see Bakker, 
1959) and, co n seq u en tly ,  s e v e ra l  s tu d ie s  o f  g ra z e r  fe ed in g  p re fe re n c e s  have 
been based on th e  h e r b iv o r e ’ s a b i l i t y  to  d e te c t  chemical "odours" by chemo- 
s ensory  means.
I t  has been p o s tu la t e d  t h a t  th e  exudation  o f  p h e n o l ic  substances  by the  
brown a lg ae  may a c t  (perhaps in a d v e r te n t ly )  as  an e c o lo g ic a l  s ig n p o s t  to  
fo rag in g  h e rb iv o re s .  Polyphenol exudation has been confirm ed fo r  
Aseophytlum  and f o r  o th e r  fu c o id s ,  by McLachlan and C ra ig ie  (1964), Ragan and 
Jensen  (1979) and Zavodnik and Jensen  (1981). This s e c t io n  in v e s t ig a t e s  the  
chem oreceptive response  o f  th e  l i t t o r i n i d s  to  AsQophytlum exudate .
a) Methods
A system o f  perspex  runways was c o n s t ru c te d  accord ing  to  th e  design  
i l l u s t r a t e d  in  F ig . 48. Two f i v e  g a l lo n  carboys c o n ta in in g  f i l t e r e d  sea 
w a te r ,  were p laced  on a rack  above th e  runway system and connected to  the  
te rm in a l  r e s e r v o i r  compartment w ith  ru b b e r  tu b in g . Taps c o n t r o l l e d  th e  flow
F ig . 48 . Systan o f  perspex  runways used  to  t e s t  chemosensory response  
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from each carboy in to  the  r e s e r v o i r .
From th e  r e s e r v o i r  compartment, w a ter  overflowed in to  each runway, 
e v e n tu a l ly  d ra in in g  a t  th e  o p p o s ite  end. In a s im i la r  experim ent Van 
Dongen (1956) found t h a t  a w ater le v e l  o f  1cm. or l e s s  d iscou raged  w all-  
c lim bing. By a d ju s t in g  the  ta p s  i t  was p o s s ib le  to  ach ieve  c o n s i s t e n t ly  a 
depth  o f  0 .4 -0 .6  cm. in  th e  runways. The v e lo c i ty  o f  w a ter  flow was 
approx im ate ly  5 cm.s.
60 minutes b e fo re  th e  commencement o f  experim ents , a n e t  bag c o n ta in in g
3
approx im ate ly  15 cm o f  AsaophytZum was p laced  in  one of th e  sea w ater carboys.
The experim ents were c a r r i e d  ou t in  darkness  (to  e l im in a te  l i g h t  d i r e c te d
c raw ling) and a t  a tem peratu re  o f  10-15°C.
S ie b u r th  (1969) has shown t h a t  the  exudation  o f  po lypheno ls  by th e
Fucaceae ceases  com pletely  in  th e  dark , w hile  Ragan and Jensen  (1979), 
w ork ing 'w ith  found th a t  r e l e a s e  during  a c t i v e  p h o to sy n th es is
f a r  exceeded da rk  r e l e a s e .  As t h i s  work su g g es ts  s t r o n g ly  t h a t  exudation  
i s  a l ig h t -m e d ia te d  p ro cess  (see  a lso  Zavodnik and Jen se n ,  1981) th e  carboys 
were i l lu m in a te d  a t  approx im ate ly  5 .0  W.m  ^ du ring  th e  60 minutes immediately 
p reced ing  experim en ts ,  to  promote r e l e a s e  in to  th e  sea  w ater  medium.
Ten s n a i l s  (one p e r  runway) were used in  each t r i a l .  Between t r i a l s ,  
th e  runways were c leaned  thoroughly  to  p rev en t  mucus t r a i l - f o l l o w i n g ,  a 
troublesom e b e h av io u ra l  phenomenon observed by D.P. Cheney (p e rs .  comm.) and by 
th e  au th o r .  At th e  o n se t  o f  th e  t r i a l s  each s n a i l  was p laced  a t  a p o in t  
halfway up th e  runway. Crawling was p e rm it te d  to  proceed f o r  th re e  m inutes 
(common w ink les)  o r  fou r  minutes ( f l a t  w ink les) and the  p o s i t io n  o f  th e  
s n a i l s  r e l a t i v e  to  th e  s t a r t i n g  p o in t  was then  reco rd ed , n e t  craw ling  in to  
the  w ater  flow c o n s t i t u t i n g  a p o s i t i v e  movement and w ith  th e  flow , a n eg a tiv e  
movement. Each b a tch  o f  s n a i l s  was t e s t e d  a l t e r n a t e l y  a g a in s t  f i l t e r e d  sea 
w ater from th e  carboys w ith  and w ithou t th e  t e s t  a lg a .  A ll specimens 
c lim bing th e  s id e s  of th e  runways were d isca rd ed .
With each l i t t o r i n i d ,  e ig h t  ba tches  o f  te n  s n a i l s  were t e s t e d .  Four 
ba tches  were exposed f i r s t  to f i l t e r e d  sea w ater ( c o n t ro l )  and then  to  sea
w ater p lus  a lg a l  exudate  ( t r i a l ) . The o rd e r  o f  t e s t i n g  was rev e rse d  f o r  
the  rem aining fo u r  b a t c h e s .
Table 45 . Chemoreceptive re sp o n se  o f  l i t t o r i n i d s  to  AsaophyZZiw exudate
A s te r i sk s  denote  s ig n i f i c a n c e  o f  d i f f e r e n c e  between movement 
in  t r i a l  and c o n tro l  runs (Wilcoxon s ig n ed -ran k  t e s t ) .
Species Number o f  s n a i l s Response to  AsoophyZZim
LZttov'Cna Z 'ittorea  
L'Zttor'Cna m w iae  





N ila 'S '
A ttrac ted * *
n . s .  non s i g n i f i c a n t  
* 0.01 < P < 0.05
** 0.001 < P < 0.01
b) R esu lts
The r e s u l t s  (Table 45) dem onstra te  r e p u ls io n  o f  L'ittor-ina Z'ittoTea and 
a t t r a c t i o n  o f  L. o b tu sa ta  by th e  AsQophyZZum exudate . The d is ta n c e  moved 
by L'ittovf.na mar-iae d id  not d i f f e r  s i g n i f i c a n t l y  between t r i a l  and c o n t ro l  
r u n s .
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6 .6 .  D iscussion
6 .6 .1 .  S t r u c tu r a l  de fences
The manner in  which th e  shape and s t r u c tu r e  o f  th e  a lg a l  t h a l l u s  can 
i n t e r a c t  w ith  th e  body p la n  and fee d in g  appara tu s  o f  th e  h e rb iv o re  to  
in f lu en c e  th e  e f f i c i e n c y  o f  feed ing  has a lre a d y  been dem onstra ted . The 
importance o f  f in d in g  a food item which can be m anipu la ted  e a s i l y  and w ith  
th e  minimum energy e x p en d itu re ,  is  f u r t h e r  confirmed by th e  common w in k le ’s 
apparen t p re fe re n c e  f o r  UVoa over Entei^omorpha. In  most r e s p e c t s ,
Enteromorpha appears  to  be th e  more a t t r a c t i v e  food. The durometer re ad in g s  
f o r  m ature Enteromorpha a re  s i g n i f i c a n t l y  lower {Enteromorpha : 2 .0  ± 0 .18;
Utva : 15 .6  ± 0 .63) w h ile  the  aqueous e x t r a c t  enhanced s i g n i f i c a n t l y  th e  
p a l a t a b i l i t y  o f  th e  s tan d a rd  s u b s t r a t e  (0.01 < P < 0 .05 , Wilcoxon s igned- 
rank  t e s t ) .  However, o b s e rv a t io n  o f  feed in g  in d iv id u a ls  qu ick ly  re v e a ls  
th e  problems encoun tered  by L, t i t t o r e a  in  i t s  a t tem p ts  to  consume Enteromorpha. 
While th e  b road , u lv o id  t h a l l u s  i s  p inned down by th e  l i t t o r i n e  fo o t  to  form 
a r e l a t i v e l y  s t a b l e  food s u b s t r a t e ,  a s in g le  f i lam e n t  o f  Enteromorpha i s  too  
narrow t o  c a r ry  th e  e n t i r e  fo o t  and has a s t ro n g ,  in h e re n t  buoyancy which 
f r u s t r a t e s  e f f o r t s  to  hold  i t  in  p la c e .  When a feed in g  s n a i l  lo se s  i t s  
g r ip  - even momentarily - t h e  f i lam e n t  f l o a t s  r a p id ly  upward and ou t o f  re a ch ,
Slocum's (1980) work on th e  heterom orphic g e n e ra t io n s  o f  Gi.garti.na 
p a p i t ta ta  f u r th e r  emphasised th e  c o n s id e ra b le  d e fe n s iv e  p o te n t i a l  o f  an 
"awkward" t h a l lu s  form. The f l e s h y ,  c ru s to s e  morph appeared to  be m ain ta ined  
l a r g e ly  by g ra z in g .  Grazer a c t i v i t y  reduced overgrow th by o th e r  sp ec ie s  
w ithou t a d v e rse ly  a f f e c t i n g  th e  c r u s t  i t s e l f .  The a l t e r n a t i v e  b lade  phase , 
however, became abundant only  where g raz ing  p re s su re  was s u b s t a n t i a l l y  low er.
In  t h i s  way, he terom orphic  g e n e ra t io n s  can prov ide  an a l t e r n a t i v e  means o f  
so lv in g  th e  in e v i t a b l e  c o n f l i c t  between defence  and p r o d u c t iv i ty .  In s tead  
of a d i r e c t  " t r a d e - o f f "  between co m p eti t iv e  a b i l i t y  and th e  e f f ic a c y  o f  a n t i ­
h e rb iv o re  d e fen ces ,  f i t n e s s  i s  op tim ised  by two d i s t i n c t  m orphological ph ases ,  
each p ro v id in g  an a d a p ta t io n  to  d i f f e r e n t  sources  o f  m o r t a l i t y .
145
Experiments w ith  th e  durometer and th e  a b ra s iv e  wheel show t h a t  an 
o b je c t iv e  assessm ent o f  a lg a l  toughness i s  not s t r a ig h t f o r w a r d .  The 
r e s i s t a n c e  o f  th e  lam ina to p e n e t r a t i o n  depends as much on th e  n a tu re  o f  
th e  fo rc e  a p p l ie d  as th e  s t r u c t u r a l  p r o p e r t i e s  o f  th e  lam ina. This i s  borne 
o u t  by th e  marked d i f f e r e n c e  between toughness ran k in g s  based on th e  c r i t e r i a  
o f  punc tu re  s t r e n g th  and r e s i s t a n c e  to  a b ra s io n .
A d iv e rg e n t  re sponse  to  lam inar toughness by th e  common winkle and th e  
f l a t  w inkle might be a n t i c ip a te d  in  th e  l i g h t  o f  th e  c h a r a c t e r i s t i c  d i f f e r e n c e s  
in  r a d u la r  form. The common w inkle  employs sharp  cusps t o  t e a r  the  t h a l l u s ,  
a mode o f  a c t io n  which r e l i e s  h e a v i ly  on th e  i n i t i a l  p e n e t r a t i o n  o f  the  
lamina. This i s  r e f l e c t e d  i n  a s t ro n g  c o r r e l a t i o n  between e d i b i l i t y  and 
punc tu re  s t r e n g th .
The f l a t  w ink le  adopts  a somewhat d i f f e r e n t  approach , ra sp in g  th e  t h a l l u s  
w ith  i t s  much b lu n te r  cusps . S u rp r i s in g ly ,  t h e r e  is  no c l e a r - c u t  c o r r e l a t i o n
between a lg a l  e d i b i l i t y  and s u s c e p t i b i l i t y  to  a b ra s io n  f o r  t h i s  s p e c ie s .  
However, th e  f o l i o s e  a lg a  Utva and th e  n o n -p re fe r red  fu c o id  Asoophyttumj 
bo th  r e g i s t e r e d  lower t i s s u e  lo s s e s  in  ab ra s io n  t r i a l s  th an  th e  p re f e r r e d  
Fuous s p p . The bucca l m uscu la tu re  o f  th e  sm a l le r  s i b l i n g ,  L i t to r in a  im viaet 
may no t  be a b le  to  e x e r t  as much p re s s u re  on the  t h a l l u s  and t h i s  may e x p la in  
the p a r t i c u l a r l y  low rank ing  o f  the  a b r a s io n - r e s i s t a n t  Asoophyttum  in  
e d i b i l i t y  t r i a l s  w ith  t h i s  s p e c ie s .
Durometer read in g s  f o r  Asoophyttum  and P e tv e t ia  r e v e a le d  a s u b s ta n t i a l  
g r a d ie n t  in  pu n c tu re  s t r e n g th  between s o f t  ap ices  and tough b a sa l  t i s s u e .
This t re n d  was re v e rse d  i n  experim ents w ith  th e  a b ra s iv e  w h ee l . I would 
sugges t t h a t  th e  p u n c tu re  s t r e n g th  o f  a t i s s u e  i s  a fu n c t io n  of th e  s t r e n g th  
o f  th e  o u te r  w all o r  c u t i c l e .  While t h i s  may be weak in  young t i s s u e ,  in  
o ld e r  t i s s u e  th e  w all an d /o r  c u t i c l e  i s  f u l l y  formed and th e r e f o r e  more 
d i f f i c u l t  t o  p e n e t r a t e .  However, a b ra s io n  r e s i s t a n c e  i s  more l i k e l y  to  
r e f l e c t  th e  "average"  toughness o f  th e  m a te r ia l  abraded . In young t i p s  
th e  t i s s u e  c o n s i s t s  predom inantly  uf sm all c e l l s  w ith  a h igh  r a t i o  o f  w a ll:  
cytoplasm . In  o ld e r  reg io n s  most o f  th e  c e l l s  have extended and th e  m edullary
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t i s s u e  is  p r im a r i ly  m ucilaginous w ith  only  s c a t t e r e d  c e l l s .  Consequently 
th e r e  i s  a h ig h e r  preponderance o f  s o f t ,  r e a d i ly  abraded t i s s u e .
The r e l a t i o n s h i p  between h e rb iv o ry  and th e  s t r u c t u r a l  and m orphological 
c h a r a c t e r i s t i c s  o f  d i f f e r e n t  a lg a l  p a r t s  has remained l a r g e ly  unexp lo red . 
However, S a i td  aud Nakamura (1961) sugges ted  t h a t  i n t e r t i d a l  h e rb iv o re s  may 
a t ta c k  tougher p a r t s  o f  th e  t h a l l u s  only a f t e r  consuming the  more ten d e r  
p o r t i o n s .  Nfy" own o b se rv a t io n s  su g g es t  t h a t  L i t to r in a  l i t t o r e a  g razes  th e  
P e lv e t ia  t h a l l u s  s e l e c t i v e l y ,  p r e f e r r in g  th e  frond  t i p s  to  th e  rough, . 
channe lled  b a sa l  t i s s u e .
Laboratory  and f i e l d  o b se rv a tio n s  a lso  i n d i c a t e  s e l e c t i v e  g raz in g  o f  
p la n t  p a r t s  by th e  f l a t  w ink le . Both L itto r in a  obtusaizc and L. m ariae 
seldom g raze  th e  a b r a s i o n - r e s i s t a n t  Asoophythm  a p ic e s .  However, t h i s  may 
be r e l a t e d  to  th e  body p la n  o f  the  w inkle  and n o t  p r im a r i ly  th e  toughness of 
th e  a lg a ,  as  the  a p ic a l  p o r t io n  o f  th e  frond  is  o f te n  too  narrow to  accommodate 
th e  e n t i r e  fo o t  - a f a c t o r  o f  some im portance to  th e  g ra z in g  f l a t  w ink le .
As w e l l  as a c t in g  d i r e c t l y  as a g raz ing  d e t e r r e n t ,  a tough e p i t h e l i a l  
l a y e r  may be  d e t r im e n ta l  to  th e  browsing s n a i l  by a c c e le r a t in g  r a d u la r  wear.
The tough c u t i c l e  o f  G igartin a  s t e t t a t a  undoubtedly co n fe rs  a h igh degree o f  
r e s i s t a n c e  to  b o th  p e n e t r a t i o n  and a b ra s io n .  G igartin a  a lso  ranks low i n  
common winkle feed in g  p re f e r e n c e s .
I t  i s  a b a s ic  prem ise o f  optim al fo rag in g  th e o ry ,  t h a t  an animal 
experiences  a s tro n g  s e l e c t i v e  p re s su re  to  e a t  th o se  foods y ie ld in g  th e  
maximum "va lue"  per u n i t  tim e (Emlen, 1973). The v a lu e  o f  a given food 
item  w i l l  be  de term ined  u l t im a te ly  by th e  h e r b iv o r e ’s a b i l i t y  to  d ig e s t ,  
absorb  and a s s im i l a t e  th e  a v a i l a b l e  n u t r i e n t s  and no t d i r e c t l y  by th e  
q u a n t i ty  and q u a l i ty  o f  th e  n u t r i e n t s  p o t e n t i a l l y  a v a i l a b l e .  C e r ta in  a lg ae  
a re  defended a g a in s t  herb ivo ry  by th e  in c o rp o ra t io n  o f  s t r u c t u r a l  calcium 
carbonate  in  th e  c e l l  w a l l s .  While t h i s  may be a m e ta b o l ic a l ly  expensive 
mode o f  de fence , i t s  e f f i c a c y  cannot be den ied . Of th e  a lg ae  s tu d ie d ,  
only  th e  ca lca reo u s  C o ra ttin a  i s  v i r t u a l l y  immune to  g ra z in g .  W ithout 
re in fo rcem en t of t h i s  n a tu re ,  however, th e  c e l l  w a ll  would appear to  be
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h ig h ly  v u ln e ra b le  to  breakdown in  th e  common w in k le ’s d ig e s t iv e  system and 
t h i s  may e x p la in  th e  remarkably h igh  a s s im i l a t i o n  e f f i c i e n c y  computed by 
Grahame (1973) f o r  L, t i t t o r e a  fed  on Ulva. However, Dahl (1964) f r e q u e n t ly  
found u n d ig es ted  c e l l s  and t i s s u e  fragm ents in  th e  stomachs o f  v a r io u s  North 
American l i t t o r i n i d s  and i t  seems l i k e l y  t h a t  d ig e s t io n  o f  l e s s  p re f e r r e d  
a lg ae  is  co rre sp o n d in g ly  le s s  e f f i c i e n t .
Although many in v e r t e b r a te s  show only a weak a b i l i t y  to  d ig e s t  c e l l u l o s e ,  
th e  l e v e l  of d ig e s t io n  achieved  by th e  common winkle i s  h ig h .  D ig es t io n  by 
th e  f l a t  w ink le  was le s s  e f f i c i e n t  b u t  t h i s  may r e f l e c t  th e  n a tu re  o f th e  
food s u b s t r a t e  (JVeus) and no t in h e re n t  d i f f e r e n c e s  in  th e  d ig e s t iv e  
c a p a b i l i t i e s  o f  th e  two s p e c ie s .  D esp ite  such s t ro n g  evidence o f  e f f e c t i v e  
c e l l u lo s e  d ig e s t io n ,  the  d ig e s t i v e  p rocess  i t s e l f  i s  p robab ly  c o s t ly  in  
energy te rm s .  I t  i s  perhaps s i g n i f i c a n t  t h a t  th e  red  a lg a  Forphyra^ which 
s u b s t i t u t e s  t h e  c e l l u l o s i c  component o f  th e  c e l l  w all w ith  x y la n ,  ranks  very  
h ig h ly  in  common winkle  p re fe re n c e s ,  w hile  Ctadophora, a g reen  a lg a  w ith  a 
h igh  c e l l u l o s e  c o n te n t ,  i s  no t r e a d i ly  consumed.
Throughout th e  d ig e s t io n  ex per im en ts ,  a p e r s i s t e n t  "background’’ p o ly ­
sac c h a r id e  le v e l  was ev iden t in  f a e c a l  m a te r ia l  c o l l e c te d  from s ta rv e d ,  
c o n tro l  Specimens. Without f u r t h e r  i n v e s t i g a t i o n ,  th e  source  o f  t h i s  
c arbohydra te  must rem ain a m ystery .
Since th e  c e l l u l a s e  a c t i v i t y  o f  th e  faeces  and th e  Utva does no t d i f f e r  
g r e a t l y ,  i t  i s  p o s s ib le  t h a t  th e  fa e c a l  c e l l u l a s e  was d e r iv e d  e n t i r e l y  from 
th e  food. I f  so ,  t h i s  would imply t h a t  th e  a c t i v i t y  o f  th e  u lv o id  c e l l u l a s e  
remained unim paired  du rin g  i t s  passage  through th e  g u t .  A l t e r n a t iv e ly ,  th e  
s i m i l a r i t y  between th e  two va lues  may be c o in c id e n ta l ,  t h e  u lv o id  c e l l u l a s e  
being  degraded in  th e  gut and re p la c e d  by c e l l u l a s e  produced by th e  winkle 
or by th e  m ic ro - f lo ra / f a u n a  o f  th e  g u t .
That Utva co n ta in s  s i g n i f i c a n t  q u a n t i t i e s  o f  c e l l u l a s e  i s  n o t ,  in  
i t s e l f ,  un u su a l.  Most p la n ts  c o n ta in  c e l l u l a s e  and i t s  a c t i v i t y  in  th e  
i n t a c t  p la n t  must be s t r i c t l y  c o n t r o l le d  to  p rev e n t  w holesa le  d e g rad a tio n  o f  
s t r u c t u r a l  c e l l u l o s e .  However, such c o n tro l  i s  l o s t  when th e  a lg a  i s
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in g e s te d  by th e  w inkle  and t h i s  could i n i t i a t e  e x te n s iv e  c e l l u lo s e  
d eg ra d a t io n .
Whatever th e  o r ig i n  o f  th e  c e l l u l a s e ,  i t  is  c l e a r  t h a t  th e  gut co n ta in s  
s i g n i f i c a n t  amounts o f  th e  enzyme and th i s  accounts f o r  th e  observed 
c e l l u lo s e  d e g ra d a t io n  in  d ig e s t io n  exper im en ts .  F u r th e r  s tudy  o f  th e  a lg a l  
and fa e c a l  c e l l u l a s e s  would be n e cessa ry  to  de term ine  w hether th e  animal 
produces i t s  own c e l l u l a s e  o r  simply makes u se  o f  th e  enzyme p re s e n t  in  th e  
a lg a .
I t  has been su g g es ted  ( e .g .  Huang and G iese , 1958) t h a t  marine h e rb iv o re s  
may u t i l i s e  only th o s e  a lg a l  c o n s t i t u e n t s ,  such as p r o t e in  and s t a r c h ,  which 
a re  r e a d i ly  a v a i l a b l e .  However, th e  l i t t o r i n i d s  in v e s t ig a te d  in  t h i s  study 
a re  c l e a r l y  capab le  o f  d e r iv in g  c o n s id e ra b le  b e n e f i t  from a much w ider range  
o f  a l g a l  c o n s t i t u e n t s .
6 .6 .2 .  Chemical defences
The w idespread occu rren ce  and p o t e n t i a l l y  v a lu ab le  d e fe n s iv e  r o l e  o f  
p la n t  secondary chem icals is  beyond doubt. Indeed, g ra z e r  food s e l e c t io n  
may be in f lu en c ed  more s t ro n g ly  by th e  t a s t e  o f  a p l a n t  th an  by th e  n u t r i ­
t i o n a l  or c a l o r i c  v a lu e  (P ro ss e r ,  1973) .
Before drawing any c o n c lu s io n s  from e x t r a c t  experim en ts ,  th e  procedure 
adopted must f i r s t  be p laced  in  s t r i c t  co n tex t .  Secondary p l a n t  chemicals 
may be v o l a t i l e  o r  s t a b l e  only  f o r  b r i e f  p e r io d s  a f t e r  r e l e a s e  (Grime e t  a t , ,  
1968; Glombitza, 1981) and, as a r e s u l t ,  noxious o r  a t t r a c t i v e  e f f e c t s  may 
n o t  always be ap p aren t  in  aqueous e x t r a c t s .  Furtherm ore , th e  d i l u t i o n  o f  
a l le lo ch em ics  du rin g  e x t r a c t i o n  may i t s e l f  suppress  a t t r a c t i v e  o r  r e p u ls iv e  
p r o p e r t i e s .  Indeed, Feeny (1975, 1976) no tes  t h a t  q u a n t i t a t i v e  p la n t  
defences a c t  in a dosage-dependent f a sh io n  such t h a t  th e  deg ree  o f  p r o te c t io n  
from h e rb iv o ry  i s  d i r e c t l y  r e l a t e d  to th e  c o n c e n t ra t io n  o f  secondary chemicals 
in  th e  p la n t  t i s s u e .  I t  i s  a l s o  p o s s ib le  t h a t  a l le lo ch e m ic s  may be produced 
in  th e  f i e l d  - p a r t i c u l a r l y  by unapparen t ephemeral s p e c ie s  - only in  d i r e c t
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response  to  g raz in g  damage and consequen tly , may no t  be d e te c te d  in  
la b o ra to ry  e x t r a c t  experim ents.
D i f f e r e n t i a l  consumption o f  f i l t e r  paper t r e a t e d  w ith  a lg a l  e x t r a c t s  
may r e p r e s e n t  e i t h e r  c a l o r i c / n u t r i t i v e  d i f f e r e n c e s  amongst th e  a lg ae  or th e  
presence  o f  defence  chem icals o r  phagostim ulan ts  in  th e  homogenates. Where 
th e  consumption o f  u n t r e a te d  f i l t e r  paper exceeds th e  consumption of t r e a t e d  
samples, however, th e  p resence  o f  a r e p e l l e n t  i s  e s t a b l i s h e d  w ithou t am bigu ity .
In th e  l i g h t  o f  C a r e f o o t 's  (1980) experim ents, th e  phagostim ulan t 
p r o p e r t i e s  of th e  g reen  a lg a l  e x t r a c t s  are  p a r t i c u l a r l y  i n t e r e s t i n g .  C arefoo t 
found t h a t  e x t r a c t s  from Utva fa s o ia ta  ac ted  as s tro n g  phag o stim u lan ts  f o r  
th e  sea  h a re ,  A p ty s ia  daaty tom eta  and used th e se  e x t r a c t s  to  d e r iv e  an 
a r t i f i c i a l  d i e t .
D esp ite  th e  low rank ing  o f  t h e  sp ec ie s  in  common w inkle p re fe re n c e s ,  
homogenates o f  th e  branched, f i lam en to u s  a lg a  Ctadophora, had a s im i la r  e f f e c t  
on g raz ing  t o  e x t r a c t s  from th e  f o l i o s e  g reens . This i n f e r s  t h a t  a d u l t  
Ctadophora i s  r e j e c t e d  in  g u s ta to ry  t r i a l s  f o r  s t r u c t u r a l  and no t chemical 
r e a s o n s .
P a l a t a b i l i t y  experim ents  w ith  a lg a l  exudates p ro v id e  f u r t h e r  co n f irm a tio n  
of th e  phagostim ulan t p r o p e r t i e s  o f  Enteromorpha and in d ic a te  t h a t  the  
chem ica l(s )  invo lved  may be leached  in to  the  surrounding  sea  w ater in  
s u f f i c i e n t  q u a n t i t i e s  to perm it, d e te c t io n .
Although th e  red  a lg a ,  G ig a rtin a , produces r e l a t i v e l y  high c o n c e n tra t io n s  
o f  the  p h a rm a c o lo g ic a l ly -a c t iv e  amine horden ine  (Harwell and Blunden, 1981), 
th e  aqueous e x t r a c t  d id  n o t  d e te r  g raz ing  s i g n i f i c a n t l y .  However, g raz ing  
was in h ib i t e d  s t ro n g ly  by a homogenate o f  th e  h a lo g en a tin g  rhodophyte , 
Laiœenoia, The red  seaweeds s y n th e s i s e  a wide range o f  ha logena ted  o rg a n ic  
compounds, from low m olecu lar  w eight ketones and a rom atic  compounds to  s o p h is ­
t i c a t e d  te rp e n es  and p ro d u c ts  o f  f a t t y  a c id  o r i g i n .  These compounds a re  n o t  
involved in  p rim ary  m e tabo lic  p ro c e sse s  bu t  a re  th o u g h t,  i n s t e a d ,  to  c o n s t i t u t e  
th e  messengers o f  an exocr ine  system which has evolved to  p ro v id e  a s e l e c t i v e  
environm ental advantage (F en ic a l ,  1975). Laurena-ia spp. have been s tu d ie d
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p a r t i c u l a r l y  c lo s e ly  and a re  known to  s y n th e s i s e  ha logena ted  s e s q u i te rp e n e s ,  
each composed o f  th r e e  iso p ren e  u n i t s ,  as well as h a lo g en a ted  d ip te rp e n es  and 
a c e ty le n e s .  Bromophenols have been i d e n t i f i e d  in  P otysiph on ia  and CovaVLina, 
a l though  aqueous e x t r a c t s  from th e s e  sp ec ie s  d id  no t appear t o  i n h i b i t  g ra z in g .  
No s i g n i f i c a n t  fo rm ation  o f  h a logena ted  m e ta b o l i te s  has been recorded  in  
e i t h e r  Porphyra o r  G igartvna  (F e n ic a l ,  1975),
Fucoid po lyphenols  were most abundant in  th e  u n p a la ta b le  e x t r a c t  o f  
Asoophyttum nodosum. This might be i n te r p r e te d  as an in d ic a t io n  of a dosage- 
dependent re sp o n se  to  th e  i n h ib i to r y  chem ica ls . However, th e  p h en o lic  c o n te n t  
o f  th e  u n p a la ta b le  Asoophyttum  germ ling e x t r a c t  i s  much low er, comparable in 
f a c t ,  t o  t h a t  o f  th e  p a la t a b le  Fuous e x t r a c t .  C le a r ly  t h i s  su g g es ts  t h a t  
s i g n i f i c a n t  q u a l i t a t i v e  d i f f e r e n c e s  e x i s t  in  t h e  p h en o lic  c o n ten ts  o f  th e  
two homogenates. The e c o lo g ic a l ly  a c t i v e  compound(s) e i t h e r  do no t occur 
o r  occur a t  a lower c o n c e n t ra t io n  i n  th e  Fuous e x t r a c t .  There i s  c e r t a i n l y  
no a ttem pt to  compensate f o r  a la ck  o f  s t r u c t u r a l  de fences  a t  the  germ ling 
s ta g e  by in c re a s in g  th e  t o t a l  phenol l e v e l .
A h igh  p ro p o r t io n  o f  brown a lg a l  po lyphenols  a re  s t r u c t u r a l l y  based on 
the  r e l a t i v e l y  s t a b l e  p h lo ro g lu c in o l  p re c u rs o r  (Glombitza, 1981; Ragan,
1981). Geiselman and McConnell (1981) c h a r a c te r i s e d  th e  compounds a c t iv e  
in  th e  i n h i b i t i o n  o f  l i t t o r i n i d  g raz ing  as p h lo ro g lu c in o l  polymers w ith  a 
wide m o lecu lar  weight ra n g e .  Consequently , i t  was most s u r p r i s in g  to  f in d  
no p o s i t i v e  in d i c a t i o n  o f  p h lo ro g lu c in o l  in  e i t h e r  Asoophyttum  o r  Fuous 
e x t r a c t s .  In  t h i s  co n tex t  i t  may be  s i g n i f i c a n t  t h a t  Glombitza (1981) was 
h im se lf  unab le  to d e te c t  p h lo ro g lu c in o l  in  Asoophyttum . While i t  i s  p o s s ib le  
t h a t  p h lo ro g lu c in o l  d é r iv â te s  were e x t r a c te d ,  b u t  n o t  i n  s u f f i c i e n t  q u a n t i t i e s  
to  pe rm it chrom atographic i d e n t i f i c a t i o n ,  i t  is  more p robab le  t h a t  o th e r  
w a te r - s o lu b le  phenols a re  a lso  a c t i v e  as g raz in g  r e p e l l a n t s ,  so th a t  chemical 
p r o te c t io n  i s  a f fo rd e d  by a heterogeneous m ix tu re  o f  polym eric  phenols  and 
not by a s in g le  compound o r ty p e  o f  compound. D esp ite  the  apparen t 
p reo ccu p a tio n  w ith  p h lo ro g lu c in o l ,  Ragan (1976) was qu ick  to  acknowledge t h a t  
a l l  physodes do no t n e c e s s a r i ly  c o n ta in  p h lo ro g lu c in o l ,  nor do physodes
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c o n ta in  p h lo ro g lu c in o l  a lo n e .  I t  is  perhaps p ruden t to  rem ark, s t r i c t l y  
in  th e  co n tex t  o f  t h i s  s tu d y ,  t h a t  aqueous e x t r a c t s  a re  l i k e l y  to  c o n ta in  
f r e e  pheno ls ,  d ip h e n o ls ,  phenol g ly co s id es  and lower m o lecu lar  weight p o ly ­
phenols as w e ll  as th e  h igh  m o lecu lar  weight p o ly p h lo ro g lu c in o ls  c h a r a c t e r ­
is e d  by Geiselman and McConnell (1981). Furtherm ore, w a te r  e x t r a c t i o n  may 
n o t remove a l l  th e  h igh  m o lecu lar  w eight polyphenols from th e  p la n t  t i s s u e .
There was no p o s i t i v e  evidence o f  a c lo se - ran g e  o l f a c t o r y  o r  g u s ta to ry  
response  to  AsGophyltim  exudate . This does not r u l e  o u t  th e  p o s s i b i l i t y  
t h a t  a  " t a c t i l e  chemical s en se"  (C risp , 1976) may be used to  re c o g n ise  th e  
m olecu lar  n a tu re  o f  th e  su r fa c e  b e fo re  g raz ing  p ro ceed s .  Such a means o f  
food s e l e c t i o n  has a lread y  been dem onstrated  by Bernays and Chapman (1970), 
w ith  th e  t e r r e s t r i a l  a r th ro p o d  Chovthippus p a r a tle tu s .
The a p p l i c a t i o n  of " lo n g -d is ta n c e "  chemosensory p e rc e p t io n  was c l e a r ly  
dem onstrated  in  experiments w ith  bo th  L it to r in a  t i t t o r e a  and L, o b tu sa ta .
L. t i t t o r e a  responded to  Asoophyttum  by craw ling  away from th e  source  o f  
exudation , w hile  L. o b tu sa ta  responded in  the  o p p o s i te  manner by c raw ling  
towards th e  so u rc e .  This i l l u s t r a t e s  th e  d iv e rg e n t  e v o lu t io n a ry  response  
to  an e c o lo g ic a l  s ig n p o s t  by two sp ec ie s  w ith  c o n t r a s t i n g  behav iour p a t t e r n s .  
L it to r in a  ob tu sa ta  responds p o s i t i v e l y  to  th e  p resence  o f  a p o te n t i a l  food 
source  and a s u i t a b l e  m ic ro h a b i ta t .  The n eg a tiv e  r e a c t i o n  o f  L. t i t t o r e a ,  
on the  o th e r  hand, r e f l e c t s  a s t ro n g  g u s ta to ry  d i s l i k e  o f  th e  brown a lg a .
Asoophyttum  ranks very  low in  th e  food p re fe ren ces  o f  the  s i b l i n g  f l a t  
w ink le , L i t to r in a  m ariae, and th e  two sp ec ie s  a r e  seldom found in  a s s o c ia t i o n  
on th e  sh o re .  C onsequently , th e  complete absence o f  a response  to  Asoophyttum  
exudate  may be  based p r im a r i ly  on th e  w in k le 's  in d i f f e r e n c e  to  Asoophyttum  
as a food s u b s t r a t e .  A l t e r n a t iv e ly ,  the  lack  o f  response  may c o n s t i t u t e  a 
mechanism designed  to  m a in ta in  th e  low -shore  d i s t r i b u t i o n  o f  th e  s p e c ie s .
The seaso n a l f l u c t u a t i o n  of bo th  exudation  and i n t r a c e l l u l a r  accum ula tion  
o f  polyphenols i s  w e ll  known. Ragan and Jensen  (1978) found a s i g n i f i c a n t  
temporal c o r r e l a t i o n  between polyphenol co n ten t  and re p ro d u c t iv e  s t a t e  f o r  
Asoophyttim  and Fuous v e s io u to su s , phenol l e v e l s  peaking  during  th e  p e r io d
of S t e r i l i t y ,  which co in c id e s  w ith  a p e r io d  of low g ra z e r  a c t i v i t y .  
Consequently , i n t r a c e l l u l a r  polyphenol c o n c e n tra t io n s  w i l l  be minimal when 
g raz ing  i s  most in te n s e  and no s p e c ia l  p r o te c t io n  w i l l  be a f fo rd e d  to  th e  
v u ln e ra b le  f r u i t i n g  b o d ie s .  Any vn S'Lbu d e fen s iv e  r o l e  which may be 
a t t r i b u t e d  to  th e  physode c o n te n t s ,  i s  th e r e f o r e  p robab ly  in c i d e n t a l .  
However, i t  should  be borne  in  mind t h a t  Zavodnik and Jen sen  (1981) d id  
reco rd  a s l i g h t  e a r ly  summer in c re a s e  i n  phenol t i s s u e  c o n c e n t ra t io n s .
C o inc iden t w ith  d e c l in in g  i n t r a c e l l u l a r  p h e n o l ic s ,  an in c re a s e  in  
exudation  has been r e p o r te d  during  th e  sp r in g  and summer (S ieb u r th  and 
Jen se n ,  1968; S ie b u r th  and T o o t le ,  1981). Hence th e  polyphenols  may be 
in ten d ed  p r im a r i ly  as an o l f a c to r y  and no t a g u s ta to ry  d e t e r r e n t .  The 
p o s i t i v e  re sponse  o f  Lvttov'ina o h tu sa ta  t o  A soophyttim  exudate  may ty p i f y  
th e  " e v o lu t io n a ry  arms r a c e "  which c o n t in u a l ly  p r e s s u r i s e s  th e  s p e c i a l i s t  
h e rb iv o re  to  a d a p t ,  and indeed to  u t i l i s e ,  th e  "h o s t"  p l a n t ’s d e fen ces .
At th e  same t im e , AsGophyVlim^s a l le lo ch em ics  p rov ide  an e lo q u en t  example 
o f  the  p o t e n t i a l  e f f ic a c y  o f  n o n - s p e c i a l i s t  q u a n t i t a t i v e  defences in  
com batting a g e n e r a l i s t  h e rb iv o re ,  such as th e  common w ink le .
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CHAPTER 7 - GENERAL DISCUSSION
The re c e n t  w ea lth  o f  e c o lo g ic a l  s tu d ie s  r e l a t i n g  h e rb iv o ry  in  the 
l i t t o r a l  zone to  a l g a l  community s t r u c t u r e  emphasises th e  im portan t 
e c o lo g ic a l  ro le  o f  s e l e c t i v e  g raz in g  and, a t  th e  same tim e , h ig h l ig h t s  the  
c r i t i c a l  la c k  o f  experim enta l d a ta  concern ing  feed ing  p re fe re n c e s .  This 
r e l a t i v e l y  new f i e l d  o f  s c i e n t i f i c  in q u iry  has f lo u r i s h e d  p a r t i c u l a r l y  in  
e a s te rn  North America, where th e  common w ink le , L'ittor€na l'ù tto rea , i s  th e  
dominant in v e r t e b r a te  h e rb iv o re  of t h e  rocky i n t e r t i d a l .
The common w inkle  was in tro d u ce d  to  America i n  th e  e a r ly  n in e te e n th  
cen tu ry  by European s e t t l e r s  and, l i k e  many re c e n t  in t r o d u c t io n s ,  has e x e r ted  
a profound e f f e c t  on i t s  new h a b i t a t  (Cheney, p e r s .  comm.; Lubchenco, 1978, 
1980; Sze , 1980; B er tness  e t  a t . ,  1983). D esp ite  th e  abundance o f  th e  
common winkle  on i t s  n a t iv e  B r i t i s h  sh o re s ,  however, l i t t l e  i s  known o f th e  
e c o lo g ic a l  r o l e  o r  g raz in g  p re fe re n c e s  o f  th e  sp ec ie s  in  t h i s  c o u n try .
In th e  North A t l a n t i c ,  emergent s u b s t r a t a  on sh e l te re d -m o d e ra te ly  exposed 
shores  a r e  dominated by th e  canopy-forming fu c o id  a lg ae .  At th e  v u ln e ra b le  
germling s ta g e  th e s e  sp ec ie s  avoid  d e s t r u c t i o n  by g ra z e r s  e i t h e r  by v i r t u e  
o f  d i s t a s t e f u l  chem icals o r  by growing r a p id ly  to  a s i z e  a t  which g raz ing  
damage i s  d iscou raged  by t h a l l u s  toughness and no longer  t h r e a te n s  p la n t  
f i t n e s s .  The n e t  r e s u l t  i s  t h a t  once e s t a b l i s h e d ,  th e se  s p e c ie s  a re  n o t 
a f f e c t e d  s i g n i f i c a n t l y  by h e rb iv o ry .  Even th e  p o t e n t i a l l y  damaging p r e f e r ­
e n t i a l  g raz ing  o f  fu c o id  re p ro d u c t iv e  t i s s u e  by dense f l a t  w inkle  p o p u la t io n s  
w i l l  n o t  in f lu e n c e  f i t n e s s  g r e a t ly ,  as th e  re p ro d u c t iv e  p e r io d  o f  th e  "h o s t"  
a lg a e  c o in c id e s  - a t  l e a s t  p a r t i a l l y  - w ith  th e  p e r io d  o f  g ra z e r  i n a c t i v i t y .  
C onsequently , i f  g raz in g  i s  to  in f lu e n c e  the  growth o f  a p e re n n ia l  s p e c ie s ,  
i t  must do so p r im a r i ly  a t  th e  ju v e n i l e  phase - a phase a t  which ch em ica lly -  
m ediated s e l e c t i v i t y  has been shown to  o p e ra te .  The lo n g e v i ty  o f  th e  fuco ids  
i s  such t h a t  o n ly  a low le v e l  o f  su c c e ss fu l  re c ru i tm e n t  is  r e q u ire d  to  
m a in ta in  a h e a l th y  s ta n d  and dense canopy. Should experim en ta l removal ( e .g .
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Schonbeck and Norton, 1980) o r  e co lo g ica l  c a ta s t ro p h e  denude an a rea  o f  sh o re ,  
however, r e c o lo n i s a t io n  may f a i l  to  occur and t h i s  i s  undoubtedly  due l a r g e ly  
to  th e  combined g u s ta to ry  a t t e n t i o n s  o f  th e  common w inkle  and th e  p a t e l l i d  
l im p e t s .
Grazing o f  a d u l t  macrophytes does , n e v e r th e le s s ,  o ccu r .  Ex tensive  
feed ing  on the  h ig h ly  p a l a t a b l e  ephemeral sp ec ie s  may indeed be o f  some 
co n s id e ra b le  e c o lo g ic a l  s ig n i f i c a n c e .  Lubchenco (1978) found th a t  g raz in g  
o f  a d u l t  ephemeral a lg ae  fo llow ing  th e  i n i t i a l  heavy s e t t l e m e n t  and growth, 
r a p id ly  r e tu rn e d  h i g h - t i d a l  pools  to  a s t a t e  o f  e co lo g ica l  e q u i l ib r iu m  in  
which th e  u n p a la ta b le  red  a lg a  Chondrus o u t - s u rv iv e d  th e  fa s te r -g ro w in g  
ephemeral s p e c ie s .  On European sh o re s ,  Lein (1980) has observed  the  
sy s tem a tic  d e s t r u c t i o n  o f  a d u l t  Enteromorpha by " f r o n t s "  o f  g raz in g  w in k les .
In t h i s  way, common w inkle  g raz in g  p robably  m ain ta ins  th e  mid-low shore 
dominance o f  G-igavti-na and Chondrus underneath  th e  fu co id  canopy on B r i t i s h  
sh o re s .
I t  has been sugges ted  t h a t  a lg a l  growth form may r e s t r i c t  a h e rb iv o re  
to  feed ing  w i th in  a p a r t i c u l a r  v e g e ta t iv e  s tra tu m  (Maiorana, 1978). This 
i s  confirmed by th e  c o n t r a s t i n g  c a p a c i ty  o f  common and f l a t  winkle to  graze 
th e  a d u l t  fu co id  sp ec ie s  forming th e  canopy and th e  a d u l t  f o l i o s e  a lg ae  of 
th e  u n d e r s to r e y . Consequently th e  h e rb iv o re  w i l l  not experience  in te n s iv e  
s e l e c t i v e  p re s su re s  t o  overcome th e  defences o f  p la n t s  o u ts id e  i t s  own 
p re fe r r e d  s t r a tu m .
P resen t th e o r i e s  concerning b e n th ic  a lg a l  a d a p ta t io n s  to  su rv iv e  
h e rb iv o ry ,  focus  m ainly  on th e  c o n t r a s t in g  p o l i c i e s  o f  defence  and escape.
I t  i s  g e n e ra l ly  accep ted  t h a t  r - s e l e c t e d  sp ec ie s  escape tem p o ra l ly  by means 
o f  s h o r t  l i f e  h i s t o r i e s ,  o r  s p a t i a l l y  as a r e s u l t  o f  p a tchy  d i s t r i b u t i o n ,  
w hile  th e  ^ ^ s t r a t e g i s t s  norm ally  develop " se d e n ta ry "  s t r u c t u r a l  o r  chemical 
defences  (Vadas, 1977). Such defences a re  in e v i ta b ly  c o s t l y  in  terms o f  
f i t n e s s .  When g ra z e r s  a re  a b se n t ,  t h e  poo rly  defended r - s t r a t e g i s t s  a re  
capab le  o f  ach iev ing  c o n s id e rab ly  h ig h e r  l e v e l s  o f  f i t n e s s  (Rhoades, 1979).
On th e  evidence o f  my s tu d y ,  th e  prey responses  o f  an a lg a  can be f u r th e r
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su b -d iv id ed  in to  f i v e  c a te g o r ie s  s im i la r  to  those  d e f in e d  by Paine and 
Vadas (1969b):
1) D i s t a s t e f u l  - such p l a n t s  g a in  some immunity by r e p e l l i n g  the  
h e rb iv o re  a f t e r  d isco v e ry .
2) Daunting s t r u c t u r e  - m orphological a d a p ta t io n s  r e p e l  or more o f te n  
i n h i b i t ,  e f f i c i e n t  consumption.
3) Low food v a lu e  - a p h y s io lo g ic a l  r a t h e r  th an  b eh av iou ra l  mechanism 
red u c in g  th e  a l g a ' s  appeal to  th e  g ra z e r .
4) Patchy d i s t r i b u t i o n  - e c o lo g ica l  defence  where th e  a lg a  adopts  an 
i r r e g u l a r  d i s t r i b u t i o n  making lo c a t io n  d i f f i c u l t .
5) Ephemeral l i f e  s t y l e  - g raz in g  avoided by tem poral escape.
These c o n t r a s t in g  s t r a t e g i e s  a re  not m u tu a lly  ex c lu s iv e  and a s in g le  sp ec ie s  
may adopt any com bination o f  th e  f i v e .
The f o l i o s e  sp ec ie s  p r e f e r r e d  by th e  common winkle a re  ty p i c a l  r -  
s t r a t e g i s t s  and c o u n te ra c t  an in h e re n t  s u s c e p t i b i l i t y  t o  g raz ing  w ith  a r a p id  
growth r a t e  and h igh  re p ro d u c t iv e  p o te n t i a l  which may swamp th e  g ra z e rs  
t e m p o ra r i ly  d u r in g  th e  e a r ly  p a r t  o f  th e  year  ( e .g .  Lubchenco, 1978; Lein, 
1980). These sp ec ie s  remain h igh ly  v u ln e ra b le  to  h e rb iv o ry  th roughout t h e i r  
l i f e  c y c le ,  r e ly in g  n o t  only on r a p id  rep lacem en t,  bu t a lso  on a patchy 
d i s t r i b u t i o n ,  to  p rov ide  a s p a t i a l  escape from g ra z in g .  C onsequently , the  
ephemeral a lg ae  a r e  by n a tu re ,  u n p re d ic ta b le  sp ec ie s  o f  r e l a t i v e l y  low 
"apparency". P lan t  apparency, as d e fin ed  by Feeny (1976), in c lu d es  a l l  
c h a r a c t e r i s t i c s  in f lu e n c in g  th e  s u s c e p t i b i l i t y  o f  a p la n t  to  d isco v e ry  by 
h e rb iv o re s ,  in c lu d in g  p e r s i s t e n c e ,  growth form, p o p u la t io n  d e n s i ty ,  and th e  
h o s t - f in d in g  a d a p ta t io n s  o f  a l l  r e l e v a n t  h e rb iv o re s .  My f in d in g s  p rovide  
a t  l e a s t  p a r t i a l  support fo r  th e  p la n t  apparency and a n t ih e rb iv o re  chem istry  
th e o ry  (Feeny, 1976; Rhoades and C a tes ,  1976) d e r iv e d  from t e r r e s t r i a l  
ecosystem s. The th e o ry  s t a t e s  t h a t  dominant p e re n n ia l  p l a n t s  a re  defended 
p r im a r i ly  by chemicals which reduce  d i g e s t i b i l i t y .  However, th e  va lu e  and 
w idespread use o f  s t r u c t u r a l  defences  i s  a lso  emphasised by my s tudy .
The h igh  ran k in g  o f  ephemeral a lgae  in  th e  food p re fe re n c e s  o f  th e  common
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w inkle , in d ic a te s  t h a t  th e  sp ec ie s  i s  b a s ic a l ly  an o p p o r tu n i s t .  Total 
r e l i a n c e  on a lg a e  which a re  ephemeral bo th  in  time and space , would c o n s t i t u t e  
a dangerous p o l ic y  - e s p e c ia l l y  f o r  a g ra z e r  w ith  r e s t r i c t e d  m o b i l i ty .  The 
w e l l -d e f in e d  food p re fe re n c e s  which d i c t a t e  th e  com position  o f  th e  d i e t  when 
food is  p l e n t i f u l ,  a re  n o t b in d in g , and th e  common w inkle  can r e v e r t  to  a 
p o l ic y  of opportunism where p o p u la t io n  d e n s i t i e s  a re  h ig h  or p re f e r r e d  food 
items s c a rc e .  Feeding on th e  sho re  i s  t h e r e f o r e  a compromise between 
p re fe re n ce s  (as d e f in e d  in  la b o ra to ry  choice  experim ents) and a v a i l a b i l i t y .
This ba lance  is  e s s e n t i a l  to th e  o p e ra t io n  o f  s e l e c t i v e  g raz in g  in  the  f i e l d .
In terms o f  op tim al fo rag in g  th e o ry ,  th e  p re d a to r  should  e a t  on ly  th e  h ig h e s t  
rank ing  type  o f  p rey  i f  t h e  encounter r a t e  w ith  t h a t  p rey  i s  s u f f i c i e n t l y  h igh 
t h a t  th e  in c lu s io n  o f  lower rank ing  item s in  th e  d i e t  would reduce th e  average  
n e t  r a t e  of energy in ta k e  (Hughes, 1980). As th e  h ig h e s t  rank ing  p rey  becomes 
s c a r c e ,  th e  p r e d a to r  shou ld  expand i t s  d i e t  to  in c lu d e  th e  n ex t p rey  lower in  
rank  and so on. This r a t h e r  s i m p l i s t i c ,  t h e o r e t i c a l  concept of s e l e c t i v i t y  
may be m odified  accord ing  to  th e  n u t r i t i o n a l  s t a t e  o f  th e  h e rb iv o re .  I f  th e  
fo rag in g  animal i s  "hungry" th e  sea rch  f o r  p r e f e r r e d  foods w i l l  be t ru n c a te d  
and l e s s  p r e f e r r e d  sp ec ie s  w i l l  n o t be passed  over so f r e q u e n t ly ,  even i f  th e  
n e t  energy g a in  from such item s i s  sm a l l .
Severa l a t tem p ts  have been made to c o r r e l a t e  h e rb iv o re  p re fe re n c e s  w ith  
th e  l i f e - h i s t o r y  c h a r a c t e r i s t i c s  o f  th e  food p l a n t s .  Connell and S la ty e r  
(1977) sugges t  t h a t  h e rb iv o ry  may a c t  as a d r iv in g  fo r c e  behind su ccess io n  by 
enhancing s p e c ie s  rep lacem en ts .  I f  e a r ly  c o lo n is t s  ( r - s t r a t e g i s t s )  r e t a r d  
or p reven t th e  e s tab lish m en t o r  growth o f  l a t e r  su c c e ss io n a l  p l a n t s ,  then  
removal of th e  former by h e rb iv o re s  w i l l  speed up th e  r a t e  a t  which l a t e r  
sp ec ie s  become e s ta b l i s h e d  o r  grow (Lubchenco and G aines, 1981). Vadas (1977) 
found th a t  s u b t id a l  sea  u rch in s  in  th e  P a c i f ic  Northwest p r e f e r r e d  th e  e a r ly  
s u c c e ss io n a l  ke lp  N ereocysti-s tuetkeana  to  th e  l a t e r  su cc e ss io n a l  spec ies  
Agarum Grï-brosum. When u rc h in s  a re  p re s e n t ,  Agarum o ccu rs ;  i f  u rc h in s  a re  
n a t u r a l l y  r a r e  o r  a r t i f i c i a l l y  removed, N ereo o ystts  becomes e s ta b l i s h e d  and 
e f f e c t i v e l y  i n h i b i t s  Agarum growth.
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My r e s u l t s  r e v e a le d  t h a t  th e  e a r ly  su ccess io n a l  sp ec ie s  U tva,
Enteromorpha and Porphyra were s t ro n g ly  p r e f e r r e d  by L tt to r tn a  I t t t o r e a .
On Norwegian s h o re s ,  Lein (1980) has recorded  th e  d e s t r u c t i o n  o f  Enteromorpha 
by marauding common w in k le s ,  leav ing  behind  a v e g e ta t io n  c o n s i s t in g  p r im a r i ly  
o f  Euous and v a r io u s  e n c ru s t in g  a lg a e .  S im i la r ly ,  Lubchenco and Gaines 
(1981) found t h a t  p r e f e r e n t i a l  g raz in g  o f  Utva i n  New England p e rm it te d  the  
r a p id  e s ta b lish m en t of th e  le s s  p r e f e r r e d  Fuous t e s to u to s u s . Where dense
g ra z e r  p o p u la t io n s  occur on B r i t i s h  sh o re s ,  i t  i s  p o s s ib le  t h a t  a s im i la r  
mechanism may o p e ra te .
A p o l ic y  o f  e co lo g ica l  escape  w i l l ,  as Rhoades (1979) s u g g e s ts ,  p rove  
l e a s t  e f f e c t i v e  a g a in s t  the  g e n e r a l i s t  h e rb iv o re .  While ephemeral green  
a lg ae  may te m p o ra r i ly  swamp th e  g ra z e r  p o p u la t io n s  du ring  th e  sp r in g  and e a r ly  
summer, th e  e s s e n t i a l l y  d e fe n ce le ss  a d u l t  p la n t s  c o n s t i t u t e  a ready food 
source  f o r  th e  o p p o r tu n i s t i c  common w inkle  and pa tches  o f  ephemeral a lg ae  are  
r a p id ly  d e s tro y ed  by co n ce r ted  g ra z in g  e f f o r t  (p e rs .  o b s . ;  R.L. Vadas, p e r s .  
comm.; Lubchenco, 1978; Lein , 1980). Escape in  space and tim e is  more 
e f f e c t i v e  a g a in s t  s p e c i a l i s t  h e rb iv o re s  which have fewer a l t e r n a t i v e  food 
so u rces .  Thus ephem era li ty  and p r e d i c t a b i l i t y  s e l e c t  f o r  g e n e r a l i s a t i o n  
and s p e c i a l i s a t i o n  r e s p e c t iv e ly ,  in  th e  a s s o c ia te d  h e rb iv o re s .
The dominant p e re n n ia l  a lg ae  Asoophyttum  and Fuous s e r r a tu s ,  adopt a 
s t r a t e g y  based on de fence  r a t h e r  th a n  escape and, as a r e s u l t ,  a re  le s s  
appea ling  to  th e  g e n e r a l i s t  h e rb iv o re  a t  both  th e  a d u l t  and ju v e n i l e  s t a g e s .
As Hughes (1980) p re d ic te d ,  herb ivorous  browsers feed ing  on th e  i n t r a c t a b l e  
m acroalgae a re  by n a tu r e ,  s p e c i a l i s t s .  The in e v i t a b le  p r i c e  o f  s p e c i a l i s a t i o n ,  
however, i s  dependence, and as a r e s u l t ,  t h e  f l a t  w ink les  ( p a r t i c u l a r l y  
L ttto r tn a  martae) s u f f e r  a r e s t r i c t e d  d i s t r i b u t i o n .  In th e  F i r th  o f  Clyde 
n e i th e r  sp ec ie s  i s  found on mud f l a t s  o r  exposed shores where fu co id  a lg ae  a re  
s c a rc e .
The c h a r a c t e r i s t i c  im m obility  o f  th e  b e n th ic  h e rb iv o re  d i c t a t e s  th e  
ex ten s io n  o f d i e t a r y  s p e c i a l i s a t i o n  to  cover, in  a d d i t io n ,  choice  o f  h a b i t a t .
The s p a t i a l  s e p a r a t io n  of h a b i t a t  and food requ irem ents  would not c o n s t i t u t e
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an e f f i c i e n t  b e h av io u ra l  s t r a t e g y  in  terms o f  energy e x p en d itu re  f o r  i t  has 
been e s t im ated  t h a t  L tt to r tn a  'I ttto vea  consumes oxygen a t  15 tim es th e  b asa l  
r a t e  when a c t i v e l y  c raw ling  (Newell, 1970).
Underwood (1979) suggested  t h a t  behav ioura l  a d a p ta t io n s  i n  re sponse  to  
th e  p resence  o f  a favoured  m ic ro h a b i ta t  o r p r e f e r r e d  food may con fine  i n t e r ­
t i d a l  in v e r te b r a te s  to  p a r t i c u l a r  l e v e l s  on th e  sh o re .  However, food 
p re fe re n c e s  should  p lace  no d i r e c t  r e s t r i c t i o n s  on o p p o r tu n is t  sp e c ie s .  
LittOT-ina t t t t o r e a ,  f o r  example, ach ieves  a wide v e r t i c a l  d i s t r i b u t i o n  on a l l  
s h e l t e r e d  sh o re s .  The f l a t  w ink le , L ttto r in a  o h tu sa ta , w i l l  feed  e n th u s i a s ­
t i c a l l y  on most canopy s p e c ie s ,  and h app ily  occupies a wide v a r i e t y  o f  m ic ro ­
h a b i t a t s  wherever m acroalgal cover e x i s t s .  L tt to r tn a  m ariae, on th e  o th e r  
hand, forms a rem arkably c lo s e  a s s o c i a t i o n  w ith  th e  low -shore  fu co id  Fuous 
s& rratus. I t  i s  common on ly  i n  th e  Fuous se r ra tu s  zone and i s ,  indeed , found 
almost e x c lu s iv e ly  on th e  fronds o f  th e  dominant sp ec ie s  and to  a l e s s e r  e x te n t  
on Fuous v e s to u to s u s , In  la b o ra to ry  choice  experim en ts , L. mariae i s  s t ro n g ly  
a t t r a c t e d  to  F. s e r r a tu s .  Furtherm ore, th e  low -shore  f l a t  w inkle  does no t 
dem onstra te  a p o s i t i v e  chemosensory re sp o n se  to  Asoophyttum . As Asoophyttum  
dominates th e  a lg a l  zone immediately  above Fuous, t h i s  c o n s t i t u t e s  a n o th e r  
f a c t o r  i n  favour o f  a very  r e s t r i c t e d  d i s t r i b u t i o n .
L ttto r tn a  o h tu sa ta  i s  t y p i c a l l y  l e s s  abundant low down th e  shore and, as 
a r e s u l t ,  ex cess iv e  co m p eti t io n  between th e  two p o t e n t i a l l y  sym patric  sp ec ie s  
i s  reduced . C om petition  i s  f u r t h e r  minimised by th e  c o n t r a s t i n g  p o s i t i v e  
a t t r a c t i o n  o f  L. oh tu sa ta  towards the  m id-high sho re  fu c o id ,  Asoophyttum.
But i f  e v o lu t io n  p la c e s  such s t o r e  by th e  avoidance o f  co m p e t i t io n ,  what th en  
i s  th e  p o t e n t i a l l y  l im i t i n g  f a c t o r  d r iv in g  th e  two sp ec ie s  a p a r t?  The v a s t  
biomass o f  canopy-forming a lg ae  on s h e l t e r e d  sho res  i s  t h e o r e t i c a l l y  s u f f i c i e n t  
to  p rov ide  adequate  space and a s u r f e i t  of m acroalgal fo o d . I would, however, 
suggest t h a t  th e  h y p o thes ised  r e l i a n c e  o f  j u v e n i l e  f l a t  w inkles  on m icro- 
e p ip h y t ic  foods may be  causa l in  th e  p a r t i a l  s e p a r a t io n  o f  th e  two s p e c ie s .
The v e r t i c a l  zo n a tio n  and m icrod i s t r i b u t ion  o f  L tt to r in a  t t t t o r e a  and 
F a te tta  vu tg a ta  i s  such t h a t  th e s e  two m orpho log ica lly  d iv e rg e n t  sp ec ie s  a lso
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c o n s t i t u t e  p o t e n t i a l  c o m p e t i to rs .  While th e  common w inkle  i s  an o p p o r tu n is t  
ab le  to  u t i l i s e  a wide v a r i e t y  o f  food sources i t  i s ,  by p re fe re n c e ,  a g ra z e r  
o f  th e  m ic ro f lo ra  o f  th e  rock  su b s tra tu m . The abundance o f  P a te lla  vu tg a ta  
on open rock  a t  b o th  exposed and s h e l t e r e d  s i t e s ,  may e x p la in  th e  co rrespond ing  
absence or low abundance o f  L t t to r tn a  t t t t o v e a .  By way o f  c o n t r a s t ,  R.L.
Vadas and S.L. M i l le r  ( p e r s . comm.) have observed dense p o p u la t io n s  o f  
L. t t t t o r e a  g raz in g  on open ro ck  on th e  co as t  o f  Maine, U .S .A .,  where th e r e  i s  
a g enera l  p a u c i ty  o f  h e r b iv o r e s . This g ives  f u r th e r  c redence  to  th e  th eo ry  
o f  c o m p e ti t iv e  ex c lu s io n  from lim pe t -dominated s i t e s  w ith  poor m acroalgal 
cover .
The r e l a t i o n s h i p  between th e  gastropod  g ra z e rs  and th e  c o - e x is t in g  a lg a l  
f l o r a  i s  c l e a r l y  complex and r e f l e c t s  b o th  th e  fo rag in g  behav iour o f  th e  
g ra z e rs  and th e  correspond ing  d e fe n s iv e  s t r a t e g i e s  o f  t h e  a lg a e .  By 
answering M acA rthur's  (1972) query "Where should an animal feed  to  g e t  th e .  
most food and what items o f  food should  i t  p u rsu e ?" ,  c o n c lu s io n s  can be drawn 
re g a rd in g  a sp e c ts  o f  l i f e  in  t h e  i n t e r t i d a l  o f  f a r  g r e a t e r  importance than  
mere d i e t a r y  b a lan c e s  and c a l o r i c  in ta k e s .
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Appendix A
Composition o f  en riched  seaw ater medium (Boney's medium)
The fo llow ing  n u t r i e n t  s o lu t io n s  were p repared :
S o lu t io n  A
50 ml. o f  0.4% Na^No^
2 ml. o f  1.47 g . r ^  MnS0^:4H20 
2 ml. o f  0.0023 g . l " ^  CuSO^rSH^O 
2 ml. o f  0 .064 g . l “  ^ CoClgiOHgO 
2 ml. o f  0 .23 g . l " ^  NaMoO^iZH^O
S o lu t io n  B
2 ml. of 4.98 g . l “  ^ ZnSO^:7H2Û
S o lu t io n  C
15 ml. o f  2 .6  g . l   ^ te tra so d iu m  s a l t  o f  EuTA (e th y le n e  diamine 
t e t r a a c e t i c  a c id )  + 0.12 g . l   ^ FeSO^iZH^O
S o lu t io n  D
1.5  ml. o f  15 g . l ' l  Na^HPO^tlZH^O
S o lu t io n s  A, B, C and D were au to c lav ed  a t  15 lb s .  in   ^ f o r  15 m inutes. 
Approximately 100 ml, d i s t i l l e d  w ater was added to  900 ml. f i l t e r e d  
seaw ater and th e  m ix tu re  was heated  to c . 65°C and then  a llow ed to  c o o l .  
This p rocedure  was su bsequen tly  re p e a te d .  N u tr ie n t  so lu t io n s  A, B, C and 




C arbohydrate  a ssay  ( a f t e r  Dubois e t  a l .  , 1956)
Sample :
10-70 yg. ca rb o h y d ra te  in  1 ml. w ater
Experim ental p rocedure  :
a) Add 1 ml. 5% phenol and mix.
b) Add 5 ml. co n ce n tra te d  su lp h u r ic  a c id  to  s u r f a c e  o f  l iq u id ,
c) Stand a t  room tem p era tu re  f o r  10 m inutes .
d) Incuba te  a t  25-30°C f o r  10-20 m inutes .
e) Read op tim al d e n s i ty  a t  490 nm. on spec tropho tom ete r .
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Appendix C
E x tra c t io n  o f  n o n - c e l lu lo s ic  ca rbohydra tes  ( a f t e r  U pdegraff, 1969)
Updegraff re a g e n t  -
A cetic  a c id  : n i t r i c  a c id  : w a ter
8 1 2  (volume/volume)
Experim ental p rocedure  -
a) E x t ra c t  f o r  60 minutes a t  100°C w ith  3ml. U pdegraff re a g e n t .
b) C en tr ifu g e  and remove su p e rn a ta n t .
c) Wash w ith  d i s t i l l e d  w a ter ,  c e n t r i fu g e  and remove su p e rn a ta n t ,
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Appendix D
T o ta l  phenol e s t im a t io n  ( a f t e r  Lowry e t  a l . ,  1951)
Reagents : 1) A lk a l in e  t a r t r a t e  re a g e n t .
3.3% sodium po tass ium  t a r t r a t e .
2) Copper su lp h a te  s o lu t io n .
1.25% hydra ted  copper su lp h a te .
3) Sodium carbonate  s o lu t io n ,
2.5% sodium carbonate .
4) Working a l k a l i n e  copper re a g e n t .
1 ml. a lk a l i n e  t a r t r a t e  re a g en t  and 1 ml. copper su lp h a te  
s o lu t io n  were f r e s h ly  mixed immediately b e fo re  use  and 
d i lu t e d  to  100 ml. w ith  sodium carb o n a te  s o lu t io n .
5) F o l in  and C io c a lteau  phenol re a g en t  (B.D.H. L td . ,  P oole , U.K.) 
Reagent d i l u t e d  1:2  w ith  d i s t i l l e d  w ater  when re q u i re d .
A 1 ml. volume o f  s tan d a rd  or t e s t  s o lu t io n  was added to  4 ml. o f  working 
a lk a l in e  copper r e a g e n t .  1 ml. d i s t i l l e d  w a ter  was t r e a t e d  in  a s im i la r  
manner to  se rv e  as a re a g e n t  b lan k . The s o lu t io n s  were mixed thoroughly  and 
l e f t  a t  room tem pera tu re  f o r  te n  m inutes . 1 ml. d i l u t e d  F o lin  and C io c a l t e a u 's  
r e a g en t  was th e n  added to  each s o lu t i o n  and mixed. The tubes  were l e f t  to  
s tan d  f o r  30 m inutes a t  room tem pera tu re  and th e  absorbances were subsequen tly  
measured a g a in s t  th e  rea g en t  b lank a t  660 nm.
164
Appendix E
H ydrolysis  of aqueous e x t r a c t s
Acid h y d ro ly s is  : 1) 4 .95  ml. 2M h y d ro c h lo r ic  a c id  added to  27.5 m l.
aqueous e x t r a c t  under n i t ro g e n .
2) S o lu t io n  incubated  in  w a te r  ba th  a t  60°C f o r  fo u r  hours,
3) S o lu t io n  cooled and e x t r a c te d  f i v e  tim es in to  d ie th y l
e th e r  (1 :1 ) .
4) E th er  e x t r a c t  r o ta r y  evapora ted  to  d ry n ess .
A lk a l in e  h y d ro ly s is  :
1) 2 .2  g . sodium hydroxide added to  27.5 ml. aqueous 
e x t r a c t  under n i t ro g e n .
2) S o lu t io n  incubated  a t  room tem p era tu re  f o r  fo u r  hours .
3) S o lu t io n  a c i d i f i e d  w ith  2M h y d ro c h lo r ic  a c id  and
e x t r a c te d  f iv e  tim es w ith  d ie th y l  e th e r  (1 :1 ) .
4) E ther e x t r a c t  r o t a r y  evaporated  to  d r y n e s s .
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